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ABSTRACT 


i 


Corona  discharges  are  studied,  with  special  atten“ 
tion  given  to  the  mechanisms  by  which  they  produce 
electromagnetic  disturbances  which  cause  interference 
with  radio  raception.  The  means  by  which  these  dis- 
turbances are  coupled  into  the  receiver,  and  the  nature 
of  the  dependence  of  this  coupling  upon  the  geometrical 
configuration  of  the  body  on  which  the  discharge  occurs, 
are  examined.  The  theory  thus  developed  is  applied  to 
the  problem  of  precipitation  static  as  it  occurs  in 
aircraft. 
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RADIO  INTERFERENCE  FROM  CORONA  DISCHARGES 


April  1953 


CHAPTER  I 
INTRODUCTION 


A.  History 

The  type  of  interference  with  radio  reception  now  known  as  precipi- 
tation  static  has  been  experienced  for  many  years.  ’ ’ Initial  contact 
with  this  phenomenon  was  experienced  in  the  operation  cf  ground  based  re- 
ceivers. where  its  occurrence  was  an  inconvehience  bat  not  a hazard.  By 

1954,  however,  all  commercial  transport  aircraft  had  been  equipped  with 

3 

radio  communication  and  navigation  equipment.  Pilots  began  to  depend 
upon  these  devices,  and  since  precipitation  static  occurred  with  much 
greater  frequency  and  intensity  in  aircraft  than  at  ground  stations,  a 
serious  hazard  was  created.  Therefore  it  bega;  rec-  iving  attention  from 
most  engineers  concerned  with  the  development  » d operation  of  radio 
equipment  in  aircraft. 

Several  attempts  to  explain  the  phenomenon  were  made.  The  on^  which 

4 

received  greatest  acceptance  was  made  in  1914  by  Curtis.  Curtis  con 
tended  that  the  static  was  generated  by  charged  particles  striking  the 

antenna,  Hucke  reports  several  attempts  to  overcome  the  interference 

3 

which  were  based  on  this  conception.  None  of  them  proved  very  success  ■ 
ful;  however- 


( • Neiaberc  to  referovcoa  listed  «t  the  ead  o£  ths  report, 
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The  first  progress  to  be  made  in  the  effort  to  overcome  the  effects 
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of  precipitation  static  occurred  in  1935  with  the  introduction  of  the 

2 

shielded  loop  antenna.-  This  antenna  offered  considerable  improvement 
ove,'  the  open-wire  antenna  which  had  been  used  until  that  time.  Loop 
antennas  were  tested  in  the  years  1935  and  1935  by  two  airlines.  The  im- 
provement effected  by  th-:ir  use  was  sufficiently  great  that  the  Department 
of  Commerce  ordered  all  eir  transport  lines  to  equip  their  planes  with 
loop  antennas  by  October  1937. 

A paper  by  Morgan  in  1936  ascribes  the  success  of  the  shielded  loop 

antenna  to  the  fact  that  it  ‘prevents  the  charged  particles  from  striking 

2 

the  antenna  structure."  Additional  experience  with  loop  antennas  indi- 
cated, however,  that  in  spite  cf  the  very  considerable  improvement  that 
resulted  from  their  use.  periods  of  very  high  precipitation  static  would 

occur  in  which  all  radio  equipment  was  inoperative  for  30  minutes  or 
3 

more . 

In  an  attempt  to  obtain  more  satisfactory  solutions  a program  of 
flight  investigation  was  set  up  in  Nc"ember  1936,  and  continued  until 
June  1937.  Scientists  from  Beed  College.  Purdue  University,  Oregon  State 
College,  Rendix  Radio  Corporation,  and  Pell  Telephone  Laboratories  were 
involved  in  the  program.  United  Airlines  furnished  the  pilots,  flight 
engineers,  and  a meterologist.  The  results  of  this  program  are  renorted 
by  Hucke.  The  conclusion  of  greatest  significance  to  come  from  the  xn  • 
vestigatiop  was  that  precipitation  static  was  due  not  to  charged  partic^'-s 
striking  the  antenna,  but  rather  to  corona  discharges  from  the  antenna 
itself  or  from  other  extremities  of  the  aircraft  which  produced  noise  that 
coupled  into  the  antenna.  Although  Hucke  lists  seven  possible  ways  in  his 
paper  in  which  aircraft  can  acquire  charge,  he  appears  to  give  most  weight 
to  the  theory  that  the  aircraft  is  charged  by  the  transfer  of  charge  from 
charged  particles  which  impinge  upon  it  in  flight.  It  is  significant  that 
his  list  does  not  contain  any  mention  of  triboel ec tri c charging,  which  is 
now  accepted  as  the  principal  cause. 
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B . Experience  Da  ring  World  War  II 

In  spite  of  the  improvement  which  resulted  from  the  use  of  shielded 
loop  antennas  and  the  trailing  wire  dischargers  which  grew  out  of  th’  in- 
vestigation reported  by  Hucke.  precipitation  static  was  still  a serious 
problem  when  the  United  States  entered  World  War  II.  It  is  ettim'-tod  that 

durin / World  War  II  precipitation  static  was  responsible  for  the  loss  each 

5 

year  of  1%  of  all  aircraft  based  in  certain  areas  of  the  United  States. 

The  seriousness  of  the  problem  led  to  the  establishment  of  the  joint  Army- 
Navy  precipitation  static  project  which  was  organized  in  May  1943.  A 
large  part  of  the  work  of  the  project  vdS  carried  out  at  Minneapolis  under 
the  direction  of  Ross  Gunn.  Work  was  also  done  at  the  General  Electric 
Company  Laboratories  in  Schenectady,  New  York,  under  the  direction  of 
Irving  Langmuir,  at  Oregon  State  College,  at  V/ashington  Stttt  College,  at 
'^urdue  University,  and  at  the  Nava'  Research  Laboratory  in  Washington.  In 
the  course  of  these  investigations  much  was  learned  about  many  of  the 
phenomena  involved  in  precipitation  static,  and  several  means  for  over- 
coming precipitation  static  were  suggested.  These  inclule  the  dielectric- 

coated  wire  antenna  and  wick  discharger  which  has  now  become  .standard 

5 ...  S , 

equipment  on  aircraft,  the  block  and  squirter  discharger,  and  the  re- 

7 

cei'fer  blanking  system. 

C.  Basic  Fhenomena  Contributing  to  Precipitation  Static 

The  conclusion  reached  in  1937  by  Hucke  and  his  co-workers  that 

corona  discharges  were  responsible  for  precipitation  static  has  been 

5,8 

abundantly  substantiated  since  that  time.  His  explanations  concerning 

the  methcds  by  which  static  charge  is  deposited  on  the  aircraft  have,  how- 
ever, been  rejected.  The  charging  effect  is  presently  explained  as  a 

5,9 

triboelectric  phenomenon.  Precipitation  particles  striking  the  air- 

craft rub  against  it  and  glance  off,  leaving  a charge  in  the  same  manner 
that  a charge  is  left  on  an  ebony  rod  when  rubbed  with  fur.  Langmuir, 
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Tanis  and  others  have  succeeded  in  reproducing  these  effects  under  labora- 
tory conditions,  and  Langmuir  and  Tanis  have  in\'estigated  the  charging 

effect  as  a function  of  particle  and  surface  composition,  angle  of  inci- 

9 

dence,  velocity  of  incidence,  and  particle  siro.  They  have  succeeded  in 

fitting  a large  number  of  particle  and  surface  substances  into  a tribo  • 

electric  series  which  is  in  agreement  with  Coehn’s  rule  that  substances  of 

high  dielectric  constant  acquire  a positive  charge  when  rubbed  against 

substances  having  a lower  dielectric  constant. 

On  the  basis  of  the  triboelectric  charging  mechanism,  it  is  possible 

to  explain  the  high  charging  rate  which  occurs  in  aircraft.  Aircraft  are 

known  to  charge  at  a much  higher  rate  than  can  be  justified  on  the  basis 

of  the  charge  measured  on  precipitation  particles  and  the  speed  with  which 

the  aircraft  flies  through  them.  Langmuir  even  reports  one  instance  in 

which  the  aircraft  acquired  a negative  charge  while  flying  through  posi- 

ID 

tirely  charged  precipitation.  The  triboelectric  theory  also  explains 

qualitatively  the  observed  effect  of  temperature  on  charging  rate  and  the 

fact  that  aircraft  consistently  charge  negatively.  On  the  basis  of 

Langmuir’s  investigation  an  effort  was  made  to  overcome  the  precipitation 

static  problem  by  finding  surface  coatings  for  aircraft  which  would  either 

s 

take  a positive  "harge  or  a reduced  charge.  The  effort  proved  unsuccess- 
ful, however. 

The  triboelectric  charging  which  occurs  when  the  aircraft  enters  pre- 
cipitation soon  raises  the  aircraft  to  extremely  high  voltages;  voltages 

s 

in  the  neighborhood  of  1,000,000  volts  have  been  shown  to  occur.  As  the 
aircraft  charges,  a concentrated  electric  field  is  produced  at  sharp  points 
and  extremities.  Eventually  the  field  at  these  points  becomes  sufficiently 
great  to  cause  the  points  to  go  into  negative  burst  pulse  ccrona.  This  type 
of  corona  divchnig*  wss  first  investigated  by  Trichel  in  1938,  and  has  been 
tne  subject  of  much  investigation  since  that  time.  It  is  known 

that  the  ditcharge  pulses  are  of  short  duration,  have  r short  rise  time, 
and  occur  at  a nearly  periodic  rate  whose  frequency  depends  upon  the  radius 
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of  the  discharge  tip  and  the  applied  vilt^ge.  These  discharge  pulse  when 

they  occur  at  an  audio  frequency  rate  and  couple  eV ctromagnetically  into 

the  radio  receivei . account  for  the  singing  or  semi • musical  character  which 

precipitation  static  is  frequently  observed  to  have.- 

Another  phenomenon  which  frequently  contributes  to  the  production  of 

s 

precipitation  static  is  cross  field  charging.  This  is  the  effect  which 

occurs  when  the  aircraft  flies  between  oppositely  charged  cloud  masses  and 

the  electric  field  which  exists  between  the  clouds  induces  high  field  con 

centrations  on  points  of  the  aircraft.  Such  a field  produces  corona  dis 

charges  in  the  same  manner  as  the  field  produced  by  triboelectri c charging. 

Cross-field  charging  seldom,  if  ever,  occurs  except  in  conjunction  with 

triboelectric  charging,  and  then  only  for  brief  periods  of  time.  Thus 

this  effect  is  of  secondary  importance. 

Another  effect  which  is  properly  classified  as  a precipitation  static 

phenomenon  is  that  due  -o  the  charging  of  dielectric  surfaces  on  the  air- 
16 

craft.'  Surfaces  such  as  gl=»s3  windshields  or  plastic  canopies,  which 

are  good  insulators,  are  charged  triboelectrically  until  a large  voltage 

difference  appears  between  these  surfaces  and  the  adjacent  metal  sections 

of  the  aircraft.  When  this  voltage  becomes  sufficiently  great,  a spark 

discharge  occurs  between  adjacent  dielectric  regions  of  differing  potential 

or  between  the  metal  and  the  isolated  dielectric  section.  The  discharge 

produces  electrical  noise  which  may  be  coupled  into  the  receiver.  Recent 

work  indicates  that  this  type  of  interference  is  effectively  eliminated  hy 

17 

coating  the  dielectric  surfaces  with  high  resistance  conductive  films. 

Interest  has  recently  been  revived  in  the  effect  of  charged  precipi- 
tation particles  striking  the  entenna.  As  mentioned  earlier,  this  was  tl.e 
first  explanation  advanced  for  precipitation  static.  It  wa^  later  rejected 
in  favor  of  corona  discharges  as  the  noise- producing  mechanism  but  concern 
has  lately  been  expressed  that  this  may  be  a contributing  factor.  The 
problem  was  recently  investigated  oy  Newman  and  Rondeau,  They  reached 
the  conclusion  that  charged  rain  droos  striking  an  antenna  can  cause 
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significant  nc.ise  voltages  at  the  lower  communication  frequencies,  althoug 
these  are  much  less  important  than  noise  resulting  from  corona  discharge. 
The  noise  produced  in  this  manner  depends  upon  the  radius  of  curvature  of 
the  surface  which  ‘•He  particle  strikes.  Larger  voltages  are  produced  by 
smaller  radii, 

D.  Scope  of  Present  Investigation 


Review  of  previous  work  on  precipitation  static  indicates  two  areas 
of  the  probleci  which  have  been  inadequately  explored  and  which  should 
prove  fruitful  fields  for  investigation.  The  first  of  these  concerns  the 
fundamental  physical  nature  of  the  negative  point  corona  pulses  which  are 
the  sources  of  precipitation  static  noise.  These  discharges  have  been 
subjected  to  much  investigation,  but  many  important  questions  remain  un  - 
answered. One  aspect  of  the  nature  of  the  pulses  which  is  of  utmost  im- 
portance in  the  production  of  precipitation  static  is  their  time  structure 
or  transient  character.  Many  attempts  to  obtain  oscillographic  records  of 
the  pulses  have  been  node,  beginning  wi  lih  the  work  of  Trichel  who  was 

the  first  to  observe  that  the  discharge  o''curred  as  discrete  pulses.  The 

14 

most  recent  attempt  which  has  been  reported  is  that  of  English.  In  all 
these  investigations  the  workers  were  hampered  by  the  inadequacy  ',f  their 
equipment.  Their  results  have  therefore  been  erroneous,  although  this 
fact  has  not  always  been  recognized. 

In  a very  careful  and  thorough  piece  of  work.  Huggins  investigated 
the  character  of  positive  point  streamer  pulses.  His  method  was  essenti  - 
ally  to  determine  the  magnitude  of  the  Fourier  transform  of  the  pulses 
through  an  investigation  of  the  frequency  spectrum  of  the  noise  voltages. 
He  then  postulated  on  the  basis  of  physical  reasoning  a pulse  form  with  a 
Fourier  transform  corresponding  to  that  measured  for  the  actual  pulses.  In 
this  fashion  he  arrived  at  a much  more  accurate  picture  of  the  pulse  form 
than  later  investigators  who  have  attempted  to  obtain  the  shape  of  the 


£ 


« 
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pulses  by  direci  oacillographir  methods.  Unfortunately,  Huggins  was  not 
ab]^  to  employ  this  method  in  the  investigation  of  negative  point  corona 
pulses  because  of  his  inability  to  control  the  repetition  frequency  of  the 
pu Ises . 

Another  aspect  of  the  discharge  pulses  which  has  received  practically 

no  attention,  and  one  that  is  of  paramount  importance  for  a theory  which 

adequately  explains  the  mechanism  of  precipitation  static,  is  the  spatial 

extent  of  the  discharges.  It  is  well  known  that,  in  the  course  of  the  dis- 

charge,  the  charge  leaves  the  point  as  free  electrons  which  have  very  high 

mobility.  As  the  electrons  move  out  of  the  high  field  which  immediately 

surrounds  the  point,  they  lose  energy,  slow  down,  and  are  captured  by 

12  . . ... 

oxygen  molecules  to  form  negative  ions.  The  mobility  of  these  ions  is 
so  much  less  than  that  of  the  electrons  that,  in  terms  of  the  time  inter" 
vals  of  importance  in  the  present  study,  the  electrons  can  be  considered 
to  have  come  to  rest  when  they  become  attached.  It  will  presently  be 
shown  that  the  quantity  of  importance  in  determining  the  strength  of  the 
noise  signals  excited  on  the  structure  is  not  the  actual  value  of  the 
current  flow  in  the  discharge,  but  the  dipole  moment  of  the  discharge, 
which  is  proportional  to  the  product  of  the  current  flow  and  the  distance 
over  which  the  current  flow  takes  place.  The  importance  of  knowing  the 
spatial  extent  of  the  discharge  becomes  evident  in  the  light  of  this  fact. 

The  second  area  of  the  pro'^lem  which  appears  co  have  been  neglected 
in  previous  work  is  an  investigation,  in  terras  of  fundamental  electiomag 
netic  theory,  of  the  mechanism  of  coupling  between  the  corona  pulse  and  the 
receiver  terminals.  Previous  investigations  have  either  ignored  the  problem 
altogether,  or  have  assumed  that  coupling  was  reduced  in  proportion  to  the 
distance  between  the  point  at  which  the  discharge  occurs  and  the  ter'dnals 
of  the  receiver.  This  assumption  is  not  valid,  in  general,  as  will  be 
shown  in  later  sections. 

The  foregoing  discussion  has  indicated  some  of  the  questions  concerning 
precipitation  static  phenomena  which  remain  to  be  answered.  The  present 
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investigation  undertakes  to  answer  sonie  of  the  questions  in  both  of  the 
foregoing  areas.  In  Chapter  il  a fundamental  coupling  theorem,  based 
directly  on  Maxwell’s  field  equations,  is  developed.  The  theorem  is  of 
considerable  generality.  It  can  be  applied  in  discussing  the  noise  sig 
nais  coupled  into  the  receiver  from  a discharge  occurring  at  some  remote 
corner  of  the  aircraft.  On  the  other  hand,  it  can  be  applied  to  the  con- 
verse  situation;  the  dipole  moment  of  the  discharge  can  be  inferred  from 
the  current  pulse  measured  at  the  base  of  a discharge  point  and  from  cer 
tain  supplemental  electric  field  investigations  for  the  discharge 
electrode  system. 

Chapter  III  is  devoted  to  an  account  of  a rather  extensive  experi- 
mental investigation  of  the  transient  nature  of  negative  point  corona 
pulses.  The  investigation  was  carried  out  with  the  aid  of  an  oscillo- 
scope cf  recent  development  which  is  capable  of  defining  pulses  having 
rise  times  of  7 m/is.  The  coupling  theory  developed  in  Chapter  II  is  ap- 
plied to  infer  from  the  oscillographic  data  the  effective  dipole  moments 
of  the  discharges. 

In  Chapters  IV  and  V the  results  of  Chapters  II  and  III  are  applied 
to  antenna  configurations  which  are  of  practical  or  theoretical  interest. 
In  Chapter  VI  devices  presently  in  use  for  the  suppression  of  precipi- 
tation static  are  discussed  in  the  light  of  the  theory  developed,  and 
suggestions  for  additional  research  are  offered. 
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CHAPTER  II 

AN  EXTENSION  OF  THE  LORENTZ  RECIPROCITY  THEOREM 

A.  General  Considerations 

The  coupling  between  the  noi se -producing  discharge  and  the  terminals 
of  the  receiver  is  of  fundamental  importance  in  a theory  of  precipitation 
static  interference.  A successful  solution  to  the  precipitation  static 
problem  for  example,  might  lie  in  a device  which  forces  the  discharge  to 
occur  at  a point  on  the  aircraft  from  which  its  coupling  to  the  receiver 
will  be  very  small.  Since  the  problem  is  an  electromagneti c one,  it  can 
be  approached  through  the  use  of  Maxwell’s  field  equations. 

B.  Derivation 

Let  us  consider  a conducting  body  of  arbitrary  shape  as  shown  in 
Fig.  1.  Two  regions  of  particular  interest  are  indicated.  The  first  of 
these,  Tj,  represents  a volume  which  has  been  removed  from  the  original 
conducting  body  to  form  the  antenna  terminals.  The  second  region,  Tj,  is 
external  to  the  body  and  is  defined  by  the  volume  iu  which  charge  moves 
during  a discharge.  Quantities  defined  for  the  terminals,  region  Tj.  w' 11 
be  indicated  by  the  subscript  1. 

We  now  postulate  two  independent  situations  characterized  by  inde 
pendent  solutions  to  the  field  equations.  The  field  quantities  which  coi 
respond  to  the  two  situations  will  be  desigr.atoJ  by  superscripts  (1)  and 
(2).  For  each  of  the  situations  indicated  it  is  possible  to  vrite 
Maxwell’s  curl  equations  relating  the  field  quantities  E-  H,  and  J.  These 
equations,  in  their  Fourier  transformed  form,  are  shown  below 


FIG.  I 

ILLUSTRATING  THE  COUPLING  FROM  A 
DISCHARGE  ON  A CONDUCTING  BODY 
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V X H = j<yeE  + J 


We  now  form  the  vector  quantity 


X h'*’  - X h‘ 


to  which  we  apply  Gauss's  divergence  theorem: 


j>  xH^^‘  -e‘^’  xH‘^^^  ’ dS  = J V • xh'"'  -E'""'  xh'"')  dv  . (3} 

By  applying  the  vector  identity 

V^AxB  * B”VxA-A’VxB 

to  the  right  side  of  Eq.  (3)  and  substituting  from  Eqs.  (1)  and  (2), 
several  terms  on  the  right  are  observed  to  cancel,  and  Eq.  (3)  becomes 

/*_<!)  ^„(2)  JO  r/r.<2)  .(1)  _( U ,(2)v  . ,,, 

(]E  xH  -E  XH  )-dS=j(E  “J  -E  ’J  )dv.  (4) 

The  volume  included  in  the  volume  integral  on  the  right  is  bounded  by 

the  surface  of  the  surface  integral  on  the  left.  For  the  situation  under 

consideration-  the  volume  with  which  we  are  concerned  is  all  space  external 

to  the  conductors  of  Fig.  1,  including  the  regions  Tj  and  Tg.  The  surface 

is  therefore  the  surface  of  the  conductors  and  the  surface  at  infinity. 

The  radiation  condition  of  Sommerfeld  insures  that  the  contribution 

19 

to  the  surface  integral  over  the  surface  at  infinity  vanishes.  The 

boundary  conditions  at  the  surface  of  a perfect  conductor  guarantee  that 
any  vector  E x B lies  in  a plane  tangent  to  the  surface,  whereas  the  ele  - 
meiit  vector  dS  is  normal  to  the  surface.  The  vectors  E x H and  dS  are 
therefore  orthogonal  and  the  surface  integral  is  identically  zero. 

Eqnution  (4)  can  thus  be  written  as 


(1)  . „(2)  „(2)..  „(l), 


I ^ ^ * J,T 

J U » 


,42)  , 

J av  7 
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where  we  are  Cree  to  specify  what  conditions  shall  apply  in  situations  (1) 
and  (2)  provided  only  that  the  conditions  that  are  specified  are  con- 
sistent with  Maxwell  s equations.  Tne  conditions  obtaining  in  situations 
(!'  and  (2)  are  as  follows. 


Situation  (1).  A voltage  Vj  is  applied  to  the  antenna  terminals, 
the  current  density  J has  a finite  value  in  region  Tj  and  is  zero 
elsewhere.  The  integrand  of  the  integral  on  the  left  side  of  Zq.  (5) 
is  therefore  non-zero  only  in  region  Tj. 

Situation  (2).  A discharge  occurs  in  region  Tj,  J , and  therefore 
the  integrand  of  the  right  side  of  Eq.  (5)  is  non  -zero  only  in 
region  Tj . 

As  a result  of  the  specified  conditions,  Eq,  (5)  becomes 


r _(2)  _(i)  ^ 

fc  ■>  J dv  = 


E “ J dv  . 


We  now  define  the  integral  on  the  left  Eq.  (6)  a.,  the  product 
„ ( 2 ) ( n 

Vj  Ij  , and  rearrange  the  equation  into  the  form 


r 

i"’  A 


• J dv  . 


Equation  (7)  is  one  form  of  the  basic  coupling  theorem  in  which  we  are 

interested.  A more  convenient  form  is  obtained  by  dividing  both  si'i>s  of 

the  equation  by  the  antenna  terminal  impedance  Z,,.  The  left  sid  of 

Eq-  (7)  then  becomes—,^; which  is  chc  open  circuit  -oltage  produc--d  at 

the  antenna  terminals  by  the  discharge  divided  by  tht  impedance  seen 

looking  into  these  terminals.  According  to  llirvenin  s theorem  the  quantity 

thus  obtained  is  the  short  circuit  current  produced  at  the  i,8rminals  by  the 

...  ,(2) 

discharge.  We  shall  label  this  current  ij  . It  is  quite  evident  that  the 
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product  I, 


. : 3 


'i'hich  occurs  in  the  denominator  of  the  right  side  is  the 


voltage  V,'  , Eluation  (7)  can  therefore  be  written 


.23 


.<  1 ) 


£ 


( 1 ) 


,(2)  . 

J dv  . 


(8) 


C.  Interpretation 


Equation  (8)  represents  the  coupling  theorem  in  its  most  useful  form. 

If  the  space  and  time  distribution  of  the  current  density  during  the  iis  ■ 

charge  is  known,  and  if  the  electric  field  produced  in  the  region  of  the 

discharge  by  a voltage  applied  to  the  antenna  terminals  can  be  determined, 

then  it  is  possible  to  calculate  the  short  circuit  current  produced  at  the 

antenna  terminals  by  the  discharge.  With  this  information,  Thevenin's 

theorem,  and  conventional  circuit  theory,  the  response  of  a radio  receiver 

connected  to  the  antenna  terminals  can  then  be  calculated. 

A converse  interpretation  of  Eq.  (8)  c.in  be  made.  If  we  know  the 
. {• ) 

short  circuit  current  ij  produced  by  the  discharge,  and  the  electric 

field  E produced  by  the  voltage  \ then  Eq.  (8)  can  be  regarded  as 

(2  ) 

an  integral  equation  for  the  discharge  current  distribution  J . It  is 

not  difficult  to  show  that  solutions  to  the  integral  equation  are  not 

(2 ) 

unique;  several  different  distributions  of  J might  produce  the  same 

( 2 ) . 

response  Ij  . By  making  use  of  supplementary  information,  however.,  it  is 

possible  to  deduce  considerable  information  concerning  the  nature  of  the 

discharge  from  Eq.  (3).  In  the  following  chapters  both  interpretations  of 

the  equation  will  be  employed. 
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CHAPTER  III 

THE  NATURE  Or  NEGATIVE  POINT  CORONA  DISCHARGES 

A.  Scope  of  Experimental  Investigation 

The  experi-ontal  program  wes  divided  into  two  phases.  In  phase  1 the 
currents  at  the  base  of  several  discharge  points  of  known  geometry  were 
studied  bv  means  of  a high  speed  oscillograph.  The  transient  character  of 
the  base  current  was  obtained  as  a function  of  point  radius,  pressure,  and 
electric  field.  Phase  2 of  the  study  provided  auxiliary  oscillographic 
iniornation  from  whica  the  spatial  distribution  of  the  discharges  studied 
in  phase  1 could  be  determined. 

B.  Time  Structure  of  Pulses 

The  schematic  diagram  of  Fig.  2 shows  the  experimental  setup  used  for 
obtaining  oscillograms  of  the  corona  pulses.  The  high  positive  voltage 
applied  to  the  spherical  electrode  in  the  bell  jar  induces  negative  point 
corona  pulses  at  the  discharge  point.  The  point  is  connected  through  a 
pressuiized  coaxial  connector  to  a coaxial  cable  leading  to  the  oscillo- 
scope. Signals  from  the  discharge  pulses  travel  down  the  cable  ai.d  are 
absorbed  in  the  terminating  resistor,  thus  producing  a voltage  at  the 
oscilloscope  terminals. 

A Tektronix  Model  517  Oscilloscope,  which  has  distributed  vertical 
deflection  and  trigger  amplifiers,  was  used  in  this  phase  of  the  investi 
gation.  The  vertical  amplifier  has  a bandwidth  of  approximately  70  Me 
idown  8 db  at  100  Me),  and  is  capable  of  defining  pulses  having  rise  time 
of  0 007  Ats  with  a deflection  sensitivity  of  0,1  v/cm.  An  ultra  high  speed 
sweep  circuit  provides  sweep  rates  as  high  as  0 010  /us/cm.  The  sweep  rate 
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calibration  was  checked  by  applying  a 100  Me  voltage  to  the  vertical  aiapli  - 
fier.  It  was  found  to  differ  inappreciably  from  the  indicated  value. 

The  oscilloscope  was  modified  to  incorporate  a gate  in  the  trigger 
amplifier  circuit,  which  was  actuated  by  a pulse  from  the  synchronizing 
contacts  on  the  camera  shutter.  The  purpose  of  the  gate  was  to  permit  the 
photographing  of  single  corona  pulses,  even  though  the  pulses  were  le- 
occurring  at  a rapid  rate.  By  this  means  better  definition  of  the  pulse 
shapes  was  obtained.  A schematic  of  the  gate  circuit  is  shown  in  Fig.  3. 

Its  operation  is  as  follows'  The  plate  of  the  final  tube  of  the  trigger 
pulse  amplifier  is  normally  shorted  out  by  a balanced  diode  bridge  so  that 
the  unblanking  and  sweep  circuits  of  the  scope  are  not  operated  by  incoming 
pulses,  although  the  pulses  are  applied  to  the  vertical  deflection  plates. 
When  the  shutter  of  the  cas'era  arrives  at  the  fully  open  position,  the 
synchronizing  contacts  on  the  shutter  close.  This  initiates  a biasing 
pulse  which  travels  down  the  transmission  line  and  is  applied  to  the  diode 
bridge,  effectively  removing  the  short  from  the  plate.  Consequently,  the 
first  pulse  to  arrive  after  the  camera  is  open  trips  the  sweep  and  un 
blanking  circuits  of  the  scope  and  is  thus  photographed.  The  width  of  the 
gate  pulse  can  be  narrowed  by  reducing  the  size  of  C in  Fig.  3.  By  deter- 
mining the  gate  width  necessary  to  include  only  one  pulse,  an  approximate 
measure  of  the  repetition  rate  of  the  pulses  is  obtained.  The  repetition 
rates  obtained  in  this  way  are  in  agreement  with  those  obtained  by  other 
investigators  and  will  not  be  included  in  this  report.  The  balanced  feuture 
of  the  bridge  is  necessary  since  otherwise  the  gating  pulse  from  the 

camera  shutter  would  trip  the  sweep  and  unblanking  circuits  prematurely. 

The  discharge  points  used  in  the  investigation  were  hemispherically 
capped  cylinders.  The  points  were  made  by  lapping  hemispherical  tips  on 
small  diameter  tungsten  rods.  Four  values  of  tip  radius  were  used  0 005 
0 0075,  0 010  and  0 015  in.  For  each  value  of  tip  radius,  oscillograms 
were  taken  at  pressures  ranging  from  100  ram  Hg  to  atmospheric,  and  for 
several  values  of  applied  electric  field.  Pulse  rates  and  magnitudes  were 
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fouiK*  to  depend  heavily  upon  tip  radius  and  pressure.  The  dependence  of 
pulse  time  stru  .ture  upon  applied  field  was  found  to  be  less  important., 
although  some  effect  was  observed* 

Effect  of  Tip  Radius  and  Pressuie 

The  effects  of  tip  radius  and  pressure  on  pulse  shape  are  best  studied 
by  comparing  pulses  for  different  radii  and  different  pressures  at  a value 
of  applied  electric  field  just  sufficient  to  produce  a discharge.  Although 
the  actual  field  values  required  to  produce  the  discharge  vary  widely  with 
pressure  and  tip  radius  the  basic  physical  processes  involved  in  the  dis 
charge  are  probably  comparable  at  a value  of  applied  field  which  just  ex 
ceeds  the  critical  field. 

The  oscillograms  of  Fig.  4 show  the  effect  on  the  pulse  shape  of 
varying  tip  radius  and  pressure.  It  is  evident  that  the  pulses  preserve 
a remarkable  similarity  of  form  for  changes  of  the  variables.  All  of  the 
pulses  shown  can  be  quite  well  defined  by  the  three  parameters  a,  t,.  and 
t-2  illustrated  by  the  sketch  at  the  low»r  right  of  the  figure.  It  is 

^ tne  parameters  and  tg  which  define 

w..e  pu^se  shape  are  independent  of  tip  radius,  and  depend  only  on  pressure. 
The  nature  of  the  pressure  dependence  in  illustrated  by  the  graph  of  Fig.  5. 

It  is  seen  from  th.s  graph  that  tj  is  approximately  inversely  proportional 
to  pressure. 

The  graph  of  Fig.  6 illustrates  the  dependence  of  the  rise  time  tj 
upon  pressure.  It  is  obvious  thut  the  measured  value  of  tj  is  limited  at 
the  higher  pressures  by  the  response  of  the  oscilloscope.  Examination  of 
the  pulses  recorded  at  the  higher  pressures  reveals  that  the  recorded  rise 
times  for  all  of  them  is  very  nearly  0 007  fis  between  the  10%  and  the  90% 
points  of  tne  leading  edge.  This  is  precisely  the  limit  of  rise  time 
response  for  the  oscilloscope.  It  is  therefore  likely  that  the  true  rise 
times  are  also  approximately  inveri.ely  proportional  to  pressure  as  is 


tg*O.I8  /I  SEC. 

«0.0076  MA-  )f 


GROUP  A 

TiP  RADIUS *0.005 IN.  tO.OI27  CM) 

v(«) 

0.0^54  CM 


P»  760  MM 
a*  2.6 M A 
♦,*0.010 /A  SEC. 
t2*0.024/ASEC. 
Wp|«*0U}66  MA-C^1 


P *200  MM 
0 *0.8MA 
t, -0.020  fiSEC. 
♦g«O.IO  /aSEC. 
Mp^  *0.0204  MA- 


P • 100  MM 
a *0.3  MA 


P * 400  MM 
a * 1.0  MA 
♦ , *0.CI4;tSEC. 
♦j*  0.058  /A  SEC. 
Mp^  *0.0254  MA-C 


i! 

te&pi 


Vi*34  Cl^i 


P » ?60 


t.  »0,0II  |I.SEC. 
tg®D^2S>iS£C 
Uah  fcSA 


P » 400  fcif/. 


4«0  PflA 


tj*aO!4jiiSEC-. 

0.048/1  SEC 
f4„,«  0.180  MA* 


If  * ’ 

»t?  wM  ^ V..' *■'> ' •..?  f • 


iWrf^SSWfW^llWS'SWiWWi^^  ?"«#*  «»»'.-‘9»i“W<»«^  S-t'iSsB  iStKfi. 


PRESSURE -MM  Hg.  . 

FI0.5 

OEf  ENOENCE  OF  PULSE  DECAY  TIME  ON  PRESSURE 


A-Ml>Tllir-IM 


“16“ 


indicated  by  the  data  at  the  lower  preaaurea.  If  inverse  proportional 
pressure  dependence  is  accepted,  extrapolation  from  lower  pressures  indi- 
cates a value  of  approximately  0.005  /is  for  the  rise  time  at  atmospheric 
pressure. 

A consideration  of  the  fundamental  processes  involved  in  the  electri- 
cal breakdown  of  air  during  a corona  impulse  lends  support  to  the  conclu- 
sion that  rise  and  decay  times  are  inversely  proportional  to  pressure.  Let 
us  assume  first  that  the  discharge  is  confined  to  a space  sufficiently 
small  that  the  field  in  the  region  of  the  discharge  is  approximately  con-- 
stant,  and  consider  the  field  condition  which  makes  the  discharge  possible. 
This  condition  is  that  a free  electron  which  is  created  by  sobm  chance 
ionizing  effect  h^s  a high  probability  of  acquiring  ionizing  energy  between 
collisions.  The  energy  acquired  between  collisions  is  proportional  to  the 
product  of  the  electric  field  and  the  distance  traveled  by  the  electron  in 
the  direction  of  the  field.  Since  the  distance  between  collisions  is  in- 
versely proportional  to  pressure,  and  the  ionizing  energy  is  constant, 
breakdown  voltage  is  proportional  to  pressure  under  conditions  which  make 
the  mean  free  path  small  compared  to  *he  radius  of  curvature  of  the  elec-- 
trodes.  This  well  -known  relationship  was  observed  to  hold  in  the  present 
experiments . 

Now  let  us  consider  the  motion  of  any  charged  particle  involved  in 
the  discharge.  The  distance  which  the  particle  moves  between  collisions 
is  inversely  proportional  to  pressure,  or 


In  addition,  for  the  present  experiments,  the  relation  between  the  critical 
field  and  pressure  is  given  by 


E - k,  P . 


(10) 
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Now,  if  we  consider  only  motion  duo  to  the  electric  field,  we  have  for  the 
distance 


d 


1 

2 m 


(11) 


or 


where — is  the  charge  to  mass  ratio  of  the  electron*  Substituting  Eqs.(9) 

m 

and  (10)  in  (11)  we  find  that 


t 


(12) 


Equation  (12)  states  that  the  time  between  collisions  for  any  charged 
particle  involved  in  the  discharge  is  inversely  proportional  to  the  pressure. 
In  deriving  it  we  have  neglected  effects  which  are  probably  of  some  ispor 
tance  such  as  the  modification  of  the  field  by  space  charge  during  the 
course  of  the  discharge.  The  fields  contributed  by  space  charge  are  given 
by 


E 


a • h . 


- V / dv  . 


(13) 


Since  all  distances  involved  in  the  production  of  a particular  element  of 
the  space  charge  are  in  inverse  proportion  to  the  pressure,  the  r in  the 

4 

denominator  of  the  integrand  in  Eq.  (13)  is  inversely  proportional  to 
pressure.  Therefore,  the  component  of  the  field  contributed  by  the  space 
charge  is  also  directly  proportional  to  pressure  in  accordance  with  Eq.(lO). 
Now  if,  as  Eq.  (12)  states,  the  lime  required  to  complete  all  corresponding 
individual  motions  is  increased  in  inverse  proportion  to  pressure,  the  time 
required  to  complete  the  discharge  as  a whole  will  be  in  inverse  proportion 
to  the  pressure. 
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In  deriving  Eq,  (12)  we  depend  upon  the  assumption  that  all  motions 


of  charged  particles  which  contribute  to  the  external  effect  of  the  dis 
charge  occur  in  regions  of  nearly  constant  field  near  the  discharge  point. 
The  fact  that  Eq.  (12)  actually  appears  to  be  obeyed  by  the  discharges 
indicutea  that  the  regions  of  large  transient  current  flow  are  confined 
cl  se  to  the  discharge  point.  This  view  is  supported  by  other  evidence, 
as  will  be  shovm  in  a later  section. 

Figure  7 gives  the  dependence  of  pulse  amplitude  on  pressure  and  tip 
radius.  The  data  are  so  scattered  that  it  is  improper  to  conclude  from 
them  that  the  pulse  amplitudes  obey  any  regular  mathematical  relation  to 
the  variables.  There  is  some  indication,  however,  that  the  amplitudes 
might  be  directly  proportional  to  the  pressure,  as  evidenced  by  their 
scatter  about  the  lines  having  slopes  of  unity  on  the  leg  log  plot  of 
Fig.  7.  The  direct  proportionality  might  also  hold  for  variations  in  tip 
radius  if  other  factors,  particularly  the  applied  field,  were  more  care 
fully  controlled. 


D.  Effect  of  Applied  Voltage 


The  most  prominent  effect  of  variations  in  the  applied  voltage  is  an 
increase  in  pulse  repetition  frequency  with  increasing  voltage.  This 
effect  has  been  reported  by  many  investigators  and  was  confirmed  by  the 
writer.  It  is  discussed  in  detail  elsewhere,  ’ and  will  not  be  in 
eluded  in  the  present  discussion.  Next  to  the  effect  on  repetition  fre 
quency,  the  most  noticeable  effect  of  applied  voltage  is  on  the  pulse 
amplitude.  At  a value  of  applied  field  just  exceeding  the  critical  value 
required  for  the  production  of  corona,  the  pulses  are  stable  in  amplitude. 
With  a very  slight  increase  in  voltage  the  pulses  appear  to  grow  in  ampli 
tude,  attaining  peak  values  which  exceed  by  at  least  50%  the  initial  value. 
They  also  become  somewhat  erratic  in  amplitude*  succeeding  pulses  some 
times  differ  in  size  by  more  than  50%.  This  effect  may  be  due  to  some 
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irregulc’-i  ty  in  the  microscopic  geometry  of  the  point.  Ic  probably  accounts 
for  the  scatter  of  the  data  in  Fig-  7 sines  it  was  discovered  that  the 
high  voltage  power  supply  used  in  obtaining  these  data  had  a slight  hum 
component  in  the  output  voltage.  At  the  time  the  data  were  obtained  the 
critical  dependence  of  pulse  amplitude  on  the  voltage  was  not  fully 
appreciated. 

As  the  voltage  is  increased  beyond  a few  percent  of  the  critical  value 
the  amnlitude  of  the  pulses  diminishes  with  increasing  voltage-.  This  ef 
feet  is  illustrated  by  the  sequence  of  oscillograms  in  Fig.  8,  which  cover 
a range  of  applied  voltages  of  nearly  2 to  1.  The  oscillograms  of  Fig.  8 
also  make  it  evident  that  the  effect  of  voltage  on  the  time  structure  of 
the  individual  pulses  is  slight.  Although  there  is  some  lengthening  of  the 
pulses  at  higher  voltages,  this  effect  can  to  a good  approximation  be 
neglected . 

E.  Laplace  Transform  of  Corona  Pulse 

If  at  a later  time  the  transient  response  of  antenna  receiver  systems 
to  corona  pulses  were  to  be  considered,  it  would  be  necessary  to  have  the 
Laplace  transforms  of  the  pulses.  On  the  basis  of  the  time  structure  data 
just  presented  it  is  possible  to  define  an  idealized  pulse  shape  which 
closely  resembles  the  actual  pulses  and  which  can  be  expressed  as  a sum  of 
decaying  exponential  functions.  The  Laplace  transform  of  such  a pulse  is 
easily  determined. 

Figure  9 shows  a corona  pulso  repiotted  from  an  actual  oscillogram 
together  with  two  approximations  to  the  pulse.  The  oscillogram  used  was 
taken  at  a pressure  of  200  mm  Hg  since  at  this  pressure  the  oscillograph 
ic  capable  of  resolving  the  pulse.  On  the  basis  of  the  observed  dependence 
of  pulse  forms  on  pressure,  the  pulse  shape  at  higher  pressures  can  be  ob 
tained  by  compressing  the  time  scale  of  Fig.  9 in  inverse  proportion  to  the 
oressure. 
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EFFECT  OF  APPLIED  FIELD  ON  CORONA 
PULSES  FROM  POINT  OF  0.015  IN. 
RADIUS  AT  ATMOSPHERIC  PRESSURE 
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Either  of  the  approximations  shown  in  Fig.  9 is  a reasonahiy  good 
representation,  the  second  being  remarkably  similar  to  the  actual  pulse. 

A quantitative  idea  of  how  well  the  approximations  represent  the  pulse 
can  be  gained  by  comparing  the  Fourier  spectra  of  the  two  approximations. 
The  Laplace  transforms  of  the  approximating  pulses  are  found  to  be 
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where  is  the  transform  of  the  first  approximation  and  Lg  is  the  trans- 
form of  the  second.  The  Fourier  transforms  are  found  from  the  Laplace 
transforms  by  -setting  p equal  to.  joJ.  These  have  been  calculated,  and  are 
shown  in  t..„  graphs  of  Fig.  10.  It  is  apparent  from  these  graphs  that  the 
only  difference  between  the  spectra  of  the  two  pulse  models  is  at  the  very 
high  frequencies,  where  the  contribution  of  the  leading  edge  becomes  im- 
portant. Even  here,  however,  the  difference  is  small.  There  seems  little 
purpose,  therefore,  in  using  the  more  complicated  :..odei. 

Because  of  the  dependence  of  pulse  time  structure  upon  pressure,  the 
spectra  of  the  pulses  are  affected  fay  altitude.  Fig.  11  shows  the  spectra 
of  the  idealized  pulse  at  two  altitudes. 


Dependence  of  Measured  Currents  on  Coupling  Between  Discharge 
and  Terminals 

As  indicated  previously,  an  adequate  model  of  the  discharge  pulse  must 
duds  information  both  on  the  currents  which  flow  during  the  pulse  and  or 


591  37 


- . - - - o - -5:".  •- 

" - f’--  . * - . 


4 . — ' 


_V: 


i, 


pulse 


imations . 


and  are 
that  the 
the  very 


« (RADIANS  /SEC) 

FIG.  10 

FOURIER  SPECTRA  OF  APPROXIMATIONS  OF  CORONA  PUl.SE 
(P»200  MM  Hg> 
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the  spatial  extent  of  these  currents.  Previous  investigations  have  as 
suned  that  the  current  which  was  measured  at  the  base  of  the  discharge 
point  was  the  current  flowing  in  the  discharge  itself.  No  evidence  con 
cerning  the  extent  of  the  current  flow  other  than  photographs  is  available: 
and  these  give  no  quantitative  information.  It  will  be  shown  in  the 
present  section  that  although  the  base  current  provides  a measure  of  the 
actual  discharge  airrent,  the  two  are  by  no  means  identical. 

Let  us  apply  the  reasoning  of  Chapter  II  to  the  discharge  situation 
illustrated  by  the  schematic  diagrams  of  Fig.  12.  According  to  Eq,  (8) 

( 2 J 

the  short  circuit  current  Ij  is  given  by 


^ f 


»<2)  . 

J dv 


Now  the  currents  which  are  shown  in  the  oscillograms  of  Fig.  4 are  not  the 

short  circuit  currents,  but  the  currents  through  a SO-H  resistance.  It  will 

( 2 ) 

be  remembered  however,  that  to  derive  the  expression  for  Ij  we  divided 

( 2 ) 

the  open  circuit  voltage  Vj  by  Zjj.  the  impedance  looking  into  terminals  1, 
For  the  geometry  of  Fig.  12,  Zjj  is  the  capacitive  reactance  of  the  short 
length  of  conductor  (1  3 cm  for  tue  oscillograms  of  Fig-  4)  which  forms  the 
discharge  point.  This  reactance  is  many  thousand  ohms  at  the  highest  fre- 
quencies involved  in  the  pulses.  The  50-fl  resistance  can  therefore  he 
neglected  by  comparison,  making  it  apparent  that  the  measured  current  pulses 

are  inappreciably  different  from  the  actual  short  circuit  currents. 

. (2  ) 

Equation  (8)  makes  it  evident  that  Ij  the  current  measured,  depends 
not  only  on  the  actial  discharge  currents,  but  on  the  coupling  between  the 
point  of  the  discharge  and  the  measuring  terminals,  a fact  which  has  been 
overlooked  by  other  investigators.  This  coupling  is  indicated  in  Eq.  (8) 
by  the  ratio  -r.T  - It  is  only  for  the  limiting  case,  in  which  the  current 

v' 

1 . . , ( 1 ) 

flow  extends  beyond  the  region  in  which  the  field  E has  appreciable 
values  that  the  current  measured  is  identical  with  the  actual  discharge 
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currents.  As  has  been  previously  suggested,  the  actual  currents  are  con- 
fined to  much  smaller  regions  than  this. 

It  is  possible  by  means  of  Eq.  (8)  and  a knowledKe  of  the  field 
\1) 

quantity  for  the  electrode  geometry,  to  deduce  the  dipole  moments  of 

v'  ' 

1 

the  discharges,  provided  we  know  their  spatial  extent.  The  data  of  Fig.  4 
do  not  provide  this  information,  however,  and  it  is  necessary  to  devise 
other  experiments  which  will  do  so. 


G-  Spatial  Distribution  of  Currents  in  the  Discharge 

The  basic  coupling  relation  of  Eq.  (8)  provides  a clue  to  an  experi 
mental  procedure  which  will  give  information  on  the  spatial  extent  of  the 
discharges.  Examination  of  the  equation  indicates  that  if  we  devise  an 


(1  ) 


electrode  geometry  which  will  enable  us  to  vary  the  quantity  r while  at 

V, 

the  same  time  holding  fixed  the  field  which  produces  the  discharge,  we  can 

( 2 ) _ 

infer  from  the  resulting  variations  in  I.  information  concerning  the 
volume  occupied  by  the  discharge  currents.  The  electrode  arrangement  shown 
in  the  photograph  of  Fig.  13  and  illustrated  schematically  in  Fig.  14  was 
designed  to  accomplish  th’s  purpose.  Electrodes  A and  B are  flat  circular 
discs.  The  diameters  of  these  discs  are  sufficiently  large  to  insure  uni' 
form  fields  in  the  vicinity  of  the  discharge  point  when  a voltage  differ- 
ence exists  between  the  disf-s.  The  field  about  the  discharge  point  can 
then  be  analyzed  as  the  field  about  such  a point  when  placed  in  an  oth.,™- 
wise  uniform  field.  The  fields  about  the  points  are  discussed  in  detail 
in  Appendix  A. 

The  applied  d c field  which  produces  the  discharge  is  quite  evi 

dently  of  the  form  indicated.  The  assertion  that  the  field  E of  Eq. (8) 
is  also  of  this  form  requires  some  justification.  The  field  E , as  given 
in  the  equation  is  a dynamic  field.  It  is  a function  both  of  coordinates 
and  frequency  Since  the  electrodes  are  small  compared  to  the  wavelengths 
of  the  highe.st  frequencies  in  the  spectrum  of  the  impulse  however  a 


SETUP  FOR  FINDING  SPATIAL  EXTENT  OF  CORONA  CURRENTS 
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SCHEMATIC  DIAGRAM  OF  SETUP  FOR  FINDING 
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quasistatic  analysis  applies.  The  500  u/xf  bypass  capacitor  connected  he 

tween  electrode  B and  Fig.  14  is  large  compared  to  the  capacitance  between 

electrodes  A and  B.  and  therefore  insures  that  electrode  D can  be  con 

sidered  as  being  at  ground  potential  when  computing 

It  is  apparent  from  the  foregoing  discussion  that  the  setup  shown 

permits  the  quantity  ■ -r  to  be  varied  in  either  of  two  ways.  By  varying 

v'  ' 

the  spacing  S between  electrodes  A and  B.  the  field  between  them  (for  a 
given  voltage  between  A and  ground)  is  varied.  If  the  height  of  the  dis- 
charge point  is  held  constant  while  S is  varied,  the  magnitude  of  E is 
varied  while  the  geometry  of  E is  unchanged.  By  maintaining  S constant, 
however,  and  varying  the  height  of  the  point,  both  the  geometry  and  the 
magnitude  of  a are  varied  for  a given  value  of  Vj  . 

As  before,  the  quantity  recorded  in  the  oscillograms  is  the  current 
through  a 50-fl  resistance  rather  than  the  short  circuit  current.  In  the 
present  instance  the  impedance  Zjj  is  the  reactance  due  to  the  capacitance 
of  electrode  A.  This  capacitance  has  a maximum  value  at  minimum  spacing 
of  slightly  under  6 The  frequency  at  which  the  reactance  of  a 6 

capacitor  becomes  50  ohms  is  53  Me.-  Since  the  bandwidth  of  the  Techtronix 
513  Oscilloscope  used  in  this  phase  of  the  experimental  study  is  only 
16  Me  it  is  evident  that  the  observed  pulses  are  again  negligibly  affected 
by  the  finite  value  of  the  resistance  between  terminals. 

The  oscilloscope  used  in  the  present  study  has  considerably  less  time 
resolution  than  the  Model  517  Oscilloscope  used  to  obtain  the  data  of 
Fig.  4.  This  is  net  of  great  importance,  however,  because  an  accurate 
definition  of  the  time  structure  of  the  pulses  is  of  no  value.  The  experi- 
ments described  in  this  section  were  intended  to  obtain  accurate  informa 
tion  concerning  the  pulse  amplitudes,  and  since  the  linear  range  of  the 
vertical  amplifier  in  the  513  Oscilloscope  is  greater  than  that  of  the 
517  Oscilloscope  , it  is  better  for  this  purpose. 

The  high  voltage  power  supply  used  in  the  experiments  of  this  section 
was  much  better  regulated  and  filtered  than  the  one  used  for  the 
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experiments  of  the  previous  section.  As  a result  the  pulses  at  applied 

fields  just  exceeding  the  critical  value  were  so  stable  in  amplitude  and 

form  that  succeeding  traces  on  the  oscilloscope  exactly  superposed,  and  it 

was  possible  to  obtain  multiple  trace  oscillograms. 

The  oscillograms  of  Figs.  15  and  16  show  the  results  of  varying  the 
i 1 ) 

ratio  - j—  by  the  two  methods  outlined  above.  Figure  15  shows  the  effect 
' 

of  varying  the  spacing  S with  the  tip  height  C held  constant  at  0.672  cr... 
The  electric  field  at  the  surface  of  disc  A in  the  absence  of  the  discharge 
pqint  is  found  analytically  in  Appendix  B.  This  field  is  uniform  over  a 
region  of  extent  considerably  greater  than  the  dimensions  of  the  discharge 
point  so  that  e'  the  actual  field  near  the  discharge  point  produced  by 
the  voltage  Vj  , is  the  field  calculated  in  Appendix  B times  the  concen  ■ 

tration  factor  which  is  introduced  by  the  discharge  point  itself.  (Appen  ■ 

dix  A.)  The  field  calculated  in  Appendix  B /ill  be  called*  Eg  , while  the 

field  at  the  extreme  tip  of  the  discharge  point  will  be  called  E^  . 

From  the  foregoing  analysis  it  is  clear  that  if  the  current  flow  is 
confined  to  a relatively  small  region  near  the  discharge  point,  the 
measured  magnitudes  of  the  pulses  should  va.  with  8 in  the  same  way  as 

does  Eg  - In  the  graph  of  Fig  17  the  field  quantity  — pulse 

___  ^1  . 

magnitudes  as  obtained  from  the  oscillograms  of  Fig.  15  are  both  plotted  as 
functions  of  S.  The  scale  of  pulse  magnitudes  is  arbitrarily  adjusted  to 


make  the  pulse  magnitude  at  minimum  spacing  coincide  with  the  curve  of 

C* 

? -■  at  that  spacing-  The  close  agreement  of  the  other  points  with  the 

Vj  ' 

curve  can  be  regarded  as  a verification  of  the  general  coupling  theorem  as 
applied  to  corona  pulses,  and  as  proof  that  the  transient  currents  in  the 
pulses  do  not  extend  from  the  points  to  distances  which  are  of  the  same 
order  of  magnitude  as  the  minimum  distance  between  the  tip  of  the  p^int 
and  electrode  B. 

The  result  of  Fig.  17  yields  one  other  conclusion  concerning  corona 


pulses.  The  data  of  that  figure  together  with  Fig.  15  show  that  the 
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of  the  order  of  100,000  v/cm,  while  the  reaction  fields 
more  than  100  v/cm  and  cannot,  therefore,  appreciably 
tiarge  processes.  The  fact  that  the  discharge  currents 
the  reaction  fields  is  an  important  property  of  the 
enables  us  to  validly  state  that  the  J term  in  Eq.  (2) 
the  other  field  quantities. 

ams  of  Fig.  15  establish  nothing  concerning  the  dimen* 
a occupied  by  the  discharge  currents  other  than  that  it 
a minimum  value  of  s.  More  definite  information  is  prc 
laea,  nowever,  oy  the  oscillograms  of  Fig.  16.  To  obtain  the  oscillogra 
a this  figure,  the  spacing  8 was  held  at  a constant  value  of  2.94  cm  and 
he  height  of  the  point  varied  in  four  steps  from  0.36  cm  to  1.35- cm.  Wit 


ini 

are  independe 
discharge  sin 
is  independen 
The  osci 
sions  of  the 


patiai  exten 
onjunction  w 


The  dependence  of  this  ratio  upon  tip  height  i 
’ ^(1) 

* 0 E 

ix  A.  In  the  curve  of  Fig.  18  -4rr  is  plotted  as  a 

C ^0 

tio — . The  four  indicated  points  are  the  magnitude  da 

ams  of  Fie.  16  plotted  to  an  arbitrary  scale  which  make 


(COMPARISON  WITH  MEASURED  PULSE  MAGNITUDES) 


MEASURED  PULSE  MAGNITUDE -MA 


first  assume  that  the  currect  flow  is  sufficiently  parallel  to  the  field 
lines  that  the  cosine  of  the  angle  between  K and  J is  not  appreciably 
different  from  unity.  We  further  assume  that  the  current  flow  is  near  the 
ayis,  i.e.,  that  it  is  confined  to  values  of  tj  for  which  the  electric  fisld 
is  nearly  scnstont.  Examination  of  the  field  expressions  in  Appendix  A and 
Fig.  19,  which  shows  the  relation  of  tip  sizes  to  coordinates,  indicates 
that  this  condition  holds  for  an  area  on  the  tip  of  radius  as  large  as  the 
radius  of  the  tip.  Photographs  taken  by  Loeb  indicate  that  the  radial 
extent  of  the  discharge  is  considerably  smaller  than  this. 

In  view  of  the  assumptions  concernij,g  the  field,  it  is  possible  to 
replace  the  integrand  quantity  dv)  by  »i»ere 

T<2)  . . . 10? 

Ij  is  the  discharge  current,  which  can  be  considered  as  being  confined 

to  a lixament  along  the  axis,  is  the  field  on  the  axis,  and  is 

the  space  differential  along  the  axis.  The  current  Ij,  is  a function  of 

^ only.  To  determine  the  effective  extent  of  the  diackarge  currents  we 
, ^(2) 

assume  that  ij  has  a constant  value  between  the  surface  of  the  discharge 
point  at  ^0  and  some  arbitrary  vaiu.e  of  which  we  shall  call  and  that 
it  is  zero  for  values  of  ^ larger  than  We  then  investigate  the  termi- 

nal response  of  such  a current  and  compare  it  with  the  results  obtained 
from  the  oscillograms  of  Fig.  16.  For  the  conditiono  outlined,  Eq.  (8) 
becomes 


We  recognize  the  integral  in  Eq.  (14)  to  be  the  difference  in  potential  be- 
tween the  surface  of  the  discharge  point  and  the  point  on  the  axis  defined 
by  the  coordinate  ^ . 

One  special  case  for  the  value  of  the  integral  is  of  interest.  If  we 
assume  that  the  current  flow  extends  to  electrode  B,  the  value  of  the 
integral  quite  apparently  becomes  Vj  , and 


pS'ii 


m 


m 


m 


(2)  (2) 
” -d 


or  the  measured  current  is  the  same  as  the  discharge  current.  For  such  a 
circumstance  all  the  oscillograms  of  both  Fig.  15  and  Fig.  16  would  have 
the  same  magnitude.  That  they  do  not  is  conclusive  proof  that  the  dis- 
charge currents  arc  greater  than  the  measured  response,  and  that  the  extent 
of  the  discharges  is  less  than  the  spacing  between  electrodes. 

The  potential  expression  whic’^  is  defined  by  the  integral  of  Eq.  '16) 

. 21 

is  derived  by  Smythe  and  given  in  Appendix  A.  However,  since  from 
Fig.  IS  the  observed  pulse  magnitudes  are  proportional  to  \ a more 
significant  quantity  for  the  present  investigation  is  the  ratio  of  that 
integral  to  the  field  at  the  surface  of  the  tip.  The  quantity  thus  defined 
is  given  by  Eq.  (17)  below: 


coth  ^ i - — 
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1 . X 

coth  ^0  “ T- 

S 0 

coth  ^ 

^ » ij: 
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If  we  plot  the  quantity  of  Eq.  (17)  versus  distance  from  the  tip  for  iif- 

C (2 ) 

fersnt  values  of  — , we  determine  how  far  the  current  I.  can  extend  and 

17  ^ ^ ^ ^ 

still  preserve  the  proportionality  between  I,  and  E^  . Let  us  call  z‘ 
the  distance  from  the  tip  normalized  with  respe"t  to  the  tip  radius  (held 
constant  in  the  present  experiments).  It  can  then  be  shown  that 


-•  ^0  _c^ 
^0  r 
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Figure  20  shows  a plot  of  the  quantity  defined  in  Eq.  (17)  versus  z’  for 
. C 

values  ot  — of  10  and  40.  These  values  approximately  represent  the  ex 
^ C 

tremes  of  — used  in  the  experiments, 
r 

( 2 ) 

It  is  observed  from  Fig.  20  that  if  the  current  Ij  extends  from  the 
surface  of  the  discharge  point  by  as  much  as  two  tip  radii  (0  0763  cm) , we 
could  expect  relative  deviations  from  the  curve  of  Fig.  18  by  approxi’ 
mately  6%.  The  points  appear  to  lie  closer  to  the  curve  than  this  although 
the  experimental  accuracy  is  not  sufficiently  good  to  justify  an  assertion 
that  such  deviations  do  not  occur.  More  exhaustive  experiments^  conducted 
along  the  lines  suggested  here  but  under  even  more  carefully  controlled 
conditions  and  for  a wider  range  of  all  the  variables,  would  be  necessary 
to  accurately  determine  the  extent  of  the  discharge.  Assuming,  however, 
that  in  the  present  experiments  the  discharge  is  confined  to  a space  2r  in 
length,  the  integral  of  Eq.  (17)  can  be  evaluated.  The  value  obtained  for 

the  integral  is  approximately — — , which  means  that  the  measured  tran- 
( 2 ) . 

sient  current,  Ij  , is  less  than  one  tenth  of  the  actual  discharge  current 
(2  ) 

. If  the  spatial  extent  of  the  discharge  is  less  than  2r,  as  it  may 
well  be,  then  the  ratio  of  measured  current  to  discharge  current  is  still 
less. 

Although  a more  accurate  determination  of  the  extern,  of  the  discharge 
current  than  that  given  above  is  of  some  theoretical  interest,  it  is  not 
necessary  in  the  present  analysis-  We  are  interested  here  only  in  the 
determination  of  an  equivalent  dipole  moment  of  the  discharge  and  for  that 
purpose  it  is  sufficien-t  to  know  that  the  current?  are  confined  tc  a space 
-omall  enough  so  that  the  magnitude  of  the  terminal  current  is  accurately 
proportional  to  the  surface  field  as  is  shown  by  Fig.  18.  With  that  infer 
mation  we  can  assume  that  the  discharge  is  confined  to  an  infinitesmal 
region  S in  which  the  field  is  constant  and  has  the  value  We  then 

measure  the  strength  of  the  discharge  not  in  terras  of  the  actual  discharge 
current  but  in  terms  of  u current  moment  M such  that 
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CHAPTER  IV 


RESPONSE  OF  THE  RECEIVER  TO  CORONA  PULSES 


A.  The  Coupling  Function 
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It  was  shown  in  Chapter  II  that  the  short  ci*i-uit  current  at  the 
antenna  terminals  can  be  computed  when  the  distribution  of  the  discharge 
currents  and  the  field  produced  in  the  discharge  region  by  a voltage  ap' 
plied  to  the  antenna  terminals  is  known.  In  Chapter  III  it  was  demon- 
strated that  the  character  of  the  discharges  is  such  that  they  can  be 
defined  by  a current  moment  M,  and  considered  as  being  confined  to  a 
region  infinitesimally  close  to  the  surface  of  the  discliarge  point.  Be  ' 

cause  of  this  property,  the  problem  of  finding  the  short  circuit  response 

* 

to  the  discharge  is  simply  that  of  finding  the  coupling  function  — , 
which  shall  hereafter  be  designated  «/». 

The  results  of  the  last  chapter  were  simplified  because,  for  the 
experimental  electrode  configurations  used,  all  dimensions  were  small 
compared  to  the  wavelengths  of  the  highest  frequencies  in  the  discharge, 
and  fp  cculd  be  determined  by  quasi  static  analysis.  In  considering  the 
response  at  the  antenna  terminals  to  a discharge  from  some  remote  point 
on  the  aircraft  such  a simplification  is  decidedly  not  possible.  In  sjch 
a situatijn  ^ is  a function  of  frequency  and  must  be  evaluated  by  the 
methods  of  electrodynamics. 

For  antenna  configurations  which  form  natural  boundaries  in  certain 
simple  coordinate  systems,  the  function  p can  be  found  by  direct  solution 
of  the  wave  equation.  The  problem  is  similar  to  that  of  finding  the  im 
pedances  of  the  antennas.  Unfortunately,  the  number  of  antenna  configu 

2 

rations  which  can  be  treated  in  this  way  is  very  small.  Stratton  and  Chu 
and  others  treat  tl  v case  of  a sphere  split  on  the  equatorial  plane,  and 


591  37 


591  -37 


I 

! 

I 

i 

I 


[ I 

( I 


31 


Str&tton  and  Chu  have  treated  the  center  driven  prolate  spheroid*  The 


ov/iucxou  lor  even  tnese  sxropie  cases  is  very  tedious* 
the  electric 


expressions  {or 


: field  involve  series  of  the  appropriate  wave  functions  which, 
because  of  the  assumption  of  an  infinitesimal  driving  gap.  diverge.  The 
series  can  be  made  to  converge  by  assuming  a finite  gap  and  postulating  a 
convenient  form  for  the  gap  driving  voltage.  Even  with  these  simplifi. 
cations,  however,  computation  of  actual  field  values  is  difficult,  and  for 
the  more  interesting  case  of  the  spheroidal  antenna  the  wave  functions 
have  not  been  tabulated.  Nevertheless,  enough  can  be  learned  from  the 
study  of  the  spheroid  to  justify  its  consideration,  and  it  will  be  treated 
in  a later  section. 


The  foregoing  discussion  makes  it  clear,  however,  that  a treatment  of 
the  problem  as  a boundary  value  problem  is  not  promising,  and  that  some 
other  approach  is  necessary  if  significant  answers  are  to  be  obtained.  One 
approach  which  promises  useful  results  is  an  experimental  determination  of 
^ by  means  of  measurements  on  scale  models  of  actual  aircraft.  Model  tech 
niques  are  used  in  many  investigations  where  the  complicated  boundary  con-' 
ditions  render  a theoretical  treatment  of  the  problem  impossible.  Examples 
of  the  fruitful  use  of  such  techniques  occur  in  the  determination  of  radi  - 
ation  patterns  and  impedances  of  aircraft  antennas.  To  determine  \p._ 

mode.is  similar  to  those  used  for  h f antenna  impedance  measurements  could 
be  excited  at  the  antenna  terminals  and  the  electric  fields  at  likely  dis  • 
charge  points  explored  by  probe  measurements.  Other  methods  might  be 
devised  which  make  use  of  a relationship  between  'p  and  mutual  impedance. 
This  relationship  will  be  discussed  later.  Since  the  present  investigation 
is  concerned  more  with  outlining  principle’s  than  with  obtaining  specific 
answers  for  specific  aircraft,  no  such  experimental  measurements  were 
undertaken. 

Although  an  exact  theoretical  treatment  of  practical  aircraft  antennas 
is  out  of  the  question,  approximate  theories  can  be  developed  for  two 
idealized  antennas  which  correspond  closely  to  antennas  of  practical 
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First  ot  tnesc  is  tne  unoaiancea  open  wire  transmission 
nates  the  fixed  wire  antenna  used  in  aircraft.  The 
netric  cylindrical  dipole.  This  antenna  embodies  many 
tics  of  the  wing“cap  and  tail-cap  antennas  which  are 
16  standard  high-frequency  antennas  for  modern,  high- 


. 


ibove,  the  fixed  wire  antenna  can  be  closely  approxiraatec 
Line  of  the  type  shown  in  Fig.  21.  Although  in  actual 
id  of  the  antenna  may  be  either  shorted  or  open,  we  shal] 
Lt  is  open  as  shown.  To  find  the  coupling  function  fp,  m 
transmission  line  theory.  The  simple  theory  states  that 
LS  applied  to  the  antenna  terminals  the  voltage  V at 


,,(1)  COS  Ktt  - Xi 
= V ] , 


propagation  constant.  Applying  elementary  electric 
;ind  that  the  field  E on  the  surface  of  the  antenna  wire 


actually  takes  place  from  some  orotrusion  or  from  the  enc 
he  field  given  i 
field  concentrat 
, we  will  ignore 
</»,  which  is  the 
point  is  expres 
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and  the  short  circuit  current  at  the  antenna  terminals  is 


COS  k(  I •”  x) 


, 2h  cos  kt 
a In  — 
a 


where  M is  the  discharge  current  moment  discussed  in  Chapter  III. 


A study  of  Eq.  (23)  by  means  of  transmission  line  theory  reveals  a 
significant  fact.  The  expression  given  in  that  equation  is  precisely  the 
expression  for  a transmission  line  fed  at  the  point  X by  an  infinite  im- 


pedance generator  furnishing  a current  where 


It  is  therefore  evident  that  the  problem  of  the  response  of  fixed  wire 
antennas  to  corona  pulses  reduces  to  the  problem  of  the  transient  response 
of  transmission  lines  to  current  pulses  from  an  infinite  impedance  gencr 
ator.  The  transient  response  of  transmission  lines  is  treated  elsewhere j 


and  will  not  be  discussed  in  detail  here,  although  some  discussion  is  in 


order. 


The  voltage  developed  at  the  terminals  obviously  depends  upon  the  ef- 
fective impedance  connected  across  the  terminals.  It  also  depends  upon 
the  position  on  the  antenna  of  the  point  at  which  the  discharge  takes 
place,  and  upon  the  termination  at  the  far  end  of  the  line.  If  the  input 
is  terminated  in  the  characteristic  impedance  of  the  line,  the  arriving 
current  pulse  is  absorbed,  producing  a voltage  pulse  at  the  terminals  of 


the  same  form  as  che  discharge  pulse.  If  the  discharge  occurs  at  a point 


other  than  the  far  end,  the  response  is  actually  a pair  of  pulses.  The 
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source  curreat  i_  divides  so  forra  t«o  waves,  oae  traveliag  tcward  fcho  re- 

g • 

eeiver,  the  other  toward  the  far  ead  where  it  is  rofiected  and  retarns  to 
the  receiver  with  a time  delay  proportioaal  <to  the  additiqaal  distance  it 
travels.  If  the  receiver  presents  an  Impedance  that  ia  high  compared  to 
Zg,  the  pnlse  is  snccessively  reflected  from  ;the  wceiyer  and  the  far  end 
ofsthe  line,  forming  a sequence  of  pqlsos  which  is  gradnally  d^ped  by  ^e 
attenuation  of  the  line  and  the  absorption  of  power  in  the  receiver  input 
impedance. 

When  the  input  is  terminated  in  a reactive  element,  the  picture  is 
such  more  complicated.  The  arriving  pulse  is  deformed  :by  the  reactance 
and  reflected.  Each  successive  reflection  deforms  the  pulse  fuftfaer,'  la 
addition,  damping  dne  to  line  attenuation  occurs. 

A comment  concerning  the  equivalent  source  current  I is  appropriate. 

It  has  been  observed  in  practice  that  the  ase  of  large  diameter  eondnct^ocs 
for  fixed  wire  antennas  results  in  considerable  rednction  of.  precipitation 
static  noise.  Although  the  large  diameter  wire  probably  results  in  seme 
redntti<st  of  corcmc  from  the  wire,  it  seems  likely  that  a mote  probable 
explanation  for  this  redaction  lies  in  the  expression  of  Eq-  (2d). 

Equation  (24)  states  that  for  a discharge  of  moment  M,  I.  is  inversely  pro- 

. ^ h . -2h  . . , . t 

portional  to  a . Since is  large.  In —changes  very  slowly  with  a, 

a a a 

and  I is  approximately  inversely  proportional  to  a.  The  noise  power  pro- 

* . . .1  ? 

duced  by  a given  discharge  is  therefore  inversely  proportional  to  a.. 

It  is  interesting  co  attempt  a quantitative  calculation  using  the 
-formula  of  Eq.  (24).  A typical  fixed  wire  installation  sight  be  approxi- 
mated by  the  dimensi<xi3  a » 1 mm  and  h - 1 m«  For  these  dimensions, 

Z,  ^ 460  n and  In  — “7.6.  From  Fig.  4,  we  obtain  for  a 0.015  in.  tip 
radius  at  atmospheric  pressure,  " 0.74  'ma  cm.  Substituting  the  values 

into  Eq.  (24),  1 ma.  Thus,  for  an  antenna  with  the  receiver  termi- 

■nals  terminated  in  Zg  and  the  discharge,  occurring  near  the  center  of  the 
antenna,  ;we  would  expect  pulses  of  voltage  having  crest  magnitudes  of  0.‘23'v. 
For  conditions  similar  to  those  hypothesised,  Newman  and  others  have 
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In  terms  of  the  more  commonly  used  wave  functions  discussed  by  Strstto! 

2S  2T 

Morse,  Cliu  and  Hutner,  and  by  Flammer,  Eq.  (29)  oecomes 
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The  function 


[(1  - 17)]  , 


Sj!^g,  0) 


which  relates  to  Yj^i  can  be  readily  evaluated  from  coefficients 

tabulated  by  Flammer.  For  the  first  mode,  7j,  as  a function  of  the 
electrical  length  of  the  spheroid,  is  given  by  the  graph  of  Fig.  22. 
terms  of  the  geometrical  quantities  for  the  spheroid,  shown  in  Fig.  22 
i/>l  becomes 


. a L 2 60 

'Pi  ■■=  ■'  J L V L ''1  ' 


Expressions  similar  to  Eq.  (32)  can  be  written  for  the  higher  coupling 
modes.  In  this  discussion,  however,  wr  will  limit  our  attention  to  v>j 


Chu  and  Stratton  show  that  the  admittance  near  the  frequency  whic 
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CHAPTER  V 

THE  CYLINDRICAL  DIPOLE  ANTENNA 

A.  General  Considerations 

Cylindrical  dipole  antennas  are  of  interest  for  several  reasons. 

These  antennas  have  been  subjected  to  much  analysis  and  as  a consequence 
their  impedance  characteristics  are  well  known.  As  we  shall  see  later, 
the  coupling  function  ip  can  be  derived  from  the  antenna  impedance.,  so  an 
accurate  knowledge  of  the  impedance  is  of  value.  Furthermore,  the  results 
from  the  analysis  of  the  cylindrical  dipole  can  be  used  to  corroborate  and 
extend  the  conclusions  reached  in  the  treatment  of  the  prolate  spheroid. 

Another  consideration  of  some  importance  is  that  methods  have  been 
devised  for  treating  the  asymmetric  cylindrical  dipole.  This  configuration 
is  the  nearest  approximati<Ki  to  wing-cap  and  tail-cap  antennas,  in  commrai  use  on  high 
speed  aircraft,  which  can  be  handled  with  reasonable  ease  analytically. 

B.  Relation  of  Coupling  Function  to  Antenna  Impedance 


i 


Let  us  consider  the  case  of  coupling  from  a corona  pulse  at  the  tip 
of  the  antenna  to  the  antenna  terminals.  This  situation  is  illustrated  oy 
the  diagram  of  Fig-  25  in  which,  for  convenience  of  analysis  the  discharge 
is  assumed  to  take  place  between  the  tip  of  the  antenna  itself  and  a very 
small  electrode  spaced  a distance  8 from  the  tip.  The  entire  configuration 
can  be  considered  as  a four  terminal  network  in  which  the  antenna  terminals 
are  terminal  pair  1,  and  the  tip  of  the  antenna  together  with  the  small 
electrode  is  terminal  pair  2. 

Now  let  us  apply  voltage  to  terminals  1,  It  is  clear  that  the 

open  circuit  voltage  at  terminals  2 is  given  by 
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(33) 


It  is  also  clear  that  the  voltage  Vjj,  can  be  expressed  as 


V20  - 


(34) 


or 


E,8 


(J, 


(35) 


"i  1 


Rearranging  Eq.  (35).  we  obtain 


,11) 


1 hi 
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It  is  therefore  possible  to  find  the  functional  behavior  of  i/'  by  finding 

Z Z 

the  functional  behavior  of  — . In  finding  — ^ we  can  make  use  of  the 

^11 

methods  of  function  theory  and  many  of  the  general  theorems  of  network 


analysis. 

Knowing  the  functional  behavior  of  \p  we  can  find  its  value  everywhere 
by  determining  its  value  at  one  frequency.  The  value  of  </<  at  zero  fre- 
quency  can  be  determined  by  simple  experiments  using  electrolytic  tank 
techniques  or  charge  separation  measurements,  or  it  can  be  found  analyti  ■ 
cally  by  means  of  simple  mathematical  models  such  as  those  discussed  in 
Appendix  A. 

It  is  shown  in  the  treatment  of  electrical  networks  that  physical 
impedances  and  admittances  such  as  Zj j and  Zj2  are  either  .“tional  alge- 
braic or  mermomorphic  tunctions  with  isolated  singularities,  all  of  which 
occur  in  the  left  half  of  the  pplane  (whore  p is  the  complex  frequency 
variable  p - cr  jco),  at  p - 0 or  at  p »=  It  is  further  shown  that 
the  functional  behavior  of  such  impedance  functions  is  completely 
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determined  if  we  specify  the  positions  of  the  singular  points.  Furthei-- 
more,  it  is  demonstrated  that  all  singularities  which  occu-'  in  the  finite 
P“plane  occur  either  as  conjugate  pairs  or  on  the  cr  axis.  Another  fact 
which  is  demonstrated  in  network  analysis  is  that  the  mutual  impedance 
Zj2  may  have  the  same  poles  as  the  self  impedance  but  cannot  have 

poles  which  Zj j does  not  have. 

Let  us  now  examine  the  antenna  impedances  Z,j  and  2,j  in  view  of  the 
foregoing  facts.  Because  of  the  distributed  character  of  antennas  it  is 
evident  that  their  impedances  must  be  represented  by  raermomorphic  rather 
than  algebraic  functions.  As  will  be  shown  later,  however,  it  is  possible 
to  find  rational  functions  which  approximate  the  antenna  impedances  very 
closely  over  the  range  of  frequencies  with  which  we  are  concerned.  Another 
observation  which  can  be  made  immediately  is  that  Zj  j has  a pole  at  zero, 
since  at  very  low  frequencies  the  dipole  antenna  becomes  a static  capacitor. 
Tie  self  impedance  Zjj  can  therefore  be  expressed  as 


( zeros , , ) 

2ii  = Kji  ^ ^ , (37) 

P ipolesjj/ 

where  (zeros,  represents  the  product  of  all  the  factors  (p  P^^)  which 
indicate  the  zeros  of  the  function,  and  (poleSjj)  represents  the  product 
of  similar  factors  which  indicate  the  poles  which  occur  at  points  other 
than  zero. 

Now  let  us  consider  the  singularities  of  the  mutual  impedance  Zjj. 
Physical  reasoning  can  be  used  to  demonstrate  that  for  such  a simple 
physical  configuration  as  the  linear  dipole  Zjj  has  exactly  the  same  poles 
as  Zjj.  The  impedance  Z^j  is  given  by  the  open  circuit  voltage  at  termi- 
nals 2 for  unit  current  into  terminals  I-  Suppose  now  that  unit  current 
is  injected  into  terminals  1 at  a value  of  complex  frequency  for  which  a 
pole  occurs.  For  such  a condition  infinite  voltage  is  produced  at  the 
terminals,  and  therefore  infinite  fields  must  exist  on  the  antenna  in  the 
vicinity  of  the  terminals.  The  field  equations  for  the  antenna  indicate 


rather 
possible 
s very 
Another 


that  an  infinite  field  cannot  exist  at  one  point  of  the  an.,enna  without 
infinite  fields  at  all  points.  Therefore,  the  field  at  the  tip  of  the 
antenna  where  terminals  2 are  located  is  infinite,  and  consequently 
is  infinite.  Similar  reasoning  suggests  strongly  that  unit  cutrent 
flowing  into  terminals  1 at  any  frequency  will  produce  a finite  voltage 
at  the  tip.  This  means  that  all  the  zeros  of  Zj2  occur  at  infinity. 

The  conception  of  the  impedance  functions  suggested  in  the  foregoing 
paragraphs  is  reinforced  when  we  consider  the  antenra  as  a nonuniform 
dissipative  transmission  line.  For  a uniform,  open-ended  dissipative 
line  of  length  I,  it  can  easily  be  shown  that 


cosh  kl 

Z.,  = Zo  coth,  ki  Zo  sinh  kl 


capacitor 


whereas 


sinh  ki 


Dduct 


ne  poles 


termi  ■ 


ich  a 


J 

J:- 


h I 


1-5  - - 


The  poles  of  Zjj  and  Z^j  are  the  same,  end  occur  at  the  roots  of  sinh  ki. 
The  zeros  of  Zjj,  on  the  oiher  hand,  occur  at  the  roots  of  COSh  ki  while 
the  zeros  of  Z^j  all  occur  at  infinity.  We  will  therefore  assume,  as 
suggested,  that  for  the  cylindrical  dipole  Zjj  is  of  the  form 


12  n fnnioa  1 
'■  II' 


Although  we  have  not  established  this  relationship  with  anything  ap 
proaching  mathematical  rigor,  it  is  undoubtedly  true  and  could  be  estab- 
lished by  a more  thorough  analysis. 

Combining  Eqs.  (S7)  and  (40).  we  obtain 

1 



Zjj  p (polesjj)  K^2  1 

Z^j  (zerosjj)  Kj^  (zeros^j)  ‘ 


p (poleSjj) 
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Equation  (41)  shows  that  the  poles  o£  ^ coincide  with  the  zeros  o£  the 


ixnal  impedance*  They  there£ore  coincide  with  the  poles  o£  the  termi 


nal  admittance*  The  zeros  of  0 all  occur  at  infinity*  Such  a description 


ol  UJ  IS  compatibJ 


ih  the  behavior  we  found  in  the  analysis  cf  the  pro 


late  spheroid*  There  is  was  found  chat  ^ had  peaks  corresponding  to  the 


aks  ot  the 


dmittance  function,  that  it  had  a finite  value  at  zero 


^ 2 T»o  ft  Q 1 r>  T T*  A/Tit*:kn  ev 


C*  The  Symmetric  Dipol( 


The  first  specific  case  which  we  treat  is  the  center -driven  dipole 


Perhaps  the  most  accurate  impedance  data  available  is  that  derived  by  Tai 


using  a variational  method.  The  thickest  antenna  treated  by  Tai  is  for 


a thickness  factor 


10.,  which  corresponds  to  a length  to  diameter  ratio 


if  approximately  75.  The  data  r,  obtain  for  t is  antenna  should  therefore 


correspond  quite  closely  to  the  data  for  the  spheroid  of 


The  solid  curves  of  Fig.  26  show  the  impedance  calculated  by  Tai, 


From  the  pronounced  resonances  it  is  apparent  that  the  poles  and  zeros  of 


;he  impedance  function  lie  quite  close  to  the  real  frequency  axis.  For 


such  a function  it  is  known  that  the  behavior  on  the  real  frequency  axis 


is  principally  determined  by  the  singularities  near  the  frequency  unde 


iration.  The  effect  of  distant  singularities  is  small  and  can  be 


neglected-  We  therefore  should  expect  to  approximate  the  impedance 


function  quite  closely  in  the  frequency  range  of  interest  by  a rational 


function  which  includes  only  the  singularities  lying  in  that  range. 


Ignoring  the  behavior  of  the  function  at  values  of  greater  than 


those  included  in  Fig.  26 j it  is  apparent  that  the  function  is  character 


ized  by  five  poles  and  four  zeros  arranged  approximately  as  shown  in 


ive  normalized  the  frequency  variabli 


shown  in  th€ 


The  coordinates  of  the  poles  in  the  p- plane  were  found  by 


the  behavior  of  the  resistance  curve  in  the  vicinity  of  th« 


•»  #•  ■■■  , , ■ 


^ .,-4-;  - ; --  . -'  /A'  ‘ 'O*'-  • V“  - /■■  ‘ ■’ 

ft..  — ^ 


- (V  ■ i- 


.•44- 


i 

l' 


t 

peaks  and  ignoring  the  effect  of  interaction  between  the  poles.  The 
coordinates  of  the  zeros  were  found  by  a similar  consideration  of  the  con- 
ductance near  the  conductance  peaks.  It  is  evident  from  the  close  approxi 
mation  obtained  that  the  interaction  between  the  singularities  actually  is 
small.  A second  approximation  could  be  obtained  by  including  interaction 
effects  as  determined  from  the  first  approximation.  This  is  unnecessary, 
however,  since  we  are  not  concerned  here  with  a high  order  of  numerical 
accuracy.  Besides,  the  approximation  at  the  higher  frequencies  could  not 
be  greatly  improved  without  including  higher  order  singularities. 

As  shown  in  the  previous  section,  the  response  function  of  can  be 
expressed  as 


'P 


K, 


1 

{ zeros  j , ) 


(42) 


where  may  be  determined  by  static  techniques.  The  functional  behavior 
of  the  symmetric  dipole  can  therefore  be  readily  expressed  as  the  recipro 
cal  of  the  product  of  the  zero  factors  shown  in  Fig.  27,  that  is, 


jo)) 


K. 


( jcu  " Pj ) ( joj  " Pj  H jo)  - Pj  ) { : j - p,  ) 


(43) 


jeu) 

The  function — thus  obtained  is  plotted  in  Fig.  28.  The  similarity  of 

w 

this  function  to  the  coupling  function  obtained  for  the  prolate  spheroid 
is  evident,  and  corroborates  the  conclusions  reached  in  that  discussion. 


0.  Effect  of  Terminating  Impedance 

The  impedance  in  which  the  antenna  is  terminated  has  a prcnounced 
effect  upon  the  noise  voltage  at  the  receiver.  We  shall  here  consid«,‘r  two 
possible  values  of  terminating  impedance.  These  are;  (1)  a very  small 
resistance,  and  (2)  a very  large  resistance. 


I 
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The  noise  at  the  receiver  terminals  for  other  types  of  terminating 
impedance  can  be  readily  computed  from  the  data  given  by  the  use  of  a 
Thevenin’s  equivalent  circuit  as  shown  in  Fig.  31, 

E.  The  Asymmetric  Dipole 

The  most  interesting  antenna  configuration  which  can  be  discussed 
theoretically  is  the  asymmetric  dipole.  It  was  pointed  out  earlier  that 
this  antenna  is  similar  in  several  respects  to  the  wing- cap  and  taii-cap 

antennas  which  are  in  common  use. 

3 0 

As  discussed  by  King  and  others,  the  asymmetric  dipole  impedance 
is  given  approximately  as  the  mean  value  of  the  impedances  of  two  symmetric 
dipoles  one  of  which  corresponds  to  the  short  leg  and  the  other  to  the 
long  leg  of  the  asymmetric  antenna.  Although  this  mean  value  formula  is 
not  correct  to  a high  order  of  quantitative  accuracy,  it  is  sufficiently 
close  for  the  purposes  of  the  present  discussion.  We  conjsider  here  an 
asymii.etric  antenna  for  which  the  low-frequency  reactance  of  the  short  leg 
is  10  times  that  of  the  long  leg.  The  ratio  of  the  lengths  of  the  legs 
will  be  approximately  10,  although  the  thickness  factor  fl  = 10  used  in  com- 
puting the  impedance  of  the  long  leg  leads  to  a diameter  which  would  make 
the  short  leg  very  stubby.  Since  none  of  .the  impedance  formulas  presently 
available  give  accurate  answers  for  very  thick  antennas,  it  is  impossible 
to  compute  with  any  accuracy  the  length  of  the  short  leg. 

The  impedance  of  the  symme-tric  antenna  -oorrespending  to  the  long  cle- 
ment is  of  the  same  form  as  the  symmetric  dipole  discussed  earlier.  Wa 
will  again  assume  for  the  purpose  of  discussion  that  the  impedance  is  cor- 
rectly given  by  the  rational  function  approximation  shown  in  Fig-  26.  The 
short  element  of  the  asymmetric  dipole  will  be  short  compared  to  the  wave 
length  of  the  highest  frequencies  with  which  we  are  concerned.  We  can 
therefore  to  a good  approximation  represent  the  impedance  of  the  short 
eleffi_-nt  as  that  of  a lumped  capacitance.  It  is  clear  from  the  foregoing 
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that  if  we  dfc’iote  the  impedances  of  the  corresponding  long  and  short  sym 
metric  antennas  by  and  respectively,  then 

< aeros^ ) 
p (poles„)  ' 


Z.  = K„  — 

y ^ p 


where  ( zeros^ ) and  (poles^^)  denote  the  singularities  of  Z^. 

If  we  now  let  the  terminal  impedance  of  the  asymmetric  antenna  be 
represented  by  Zjj^^,  then  from  the  mean-value  formula  we  have 


•i  1 (zeros„) 

4 Kg—  + --  - . 

2 ^ p “ p (poles^) 


The  asymmetric  dipole  impedance  computed  from  Eq.  (48)  is  shown  in  Fig. 32. 
It  is  evident  that  for  the  asymmetric  dipole  we  shall  have  different 
coupling  functions  5/,  for  discharges  occurring  at  the  different  ends  of  the 
antenna . 

F.  Coupling  from  Discharge  at  End  of  Short  Element 

Let  us  consider  first  the  case  of  a discharge  at  the  end  of  the  short 
element-  The  condition  that  the  short  element  be  of  length  small  compare'^ 
to  the  wavelength  of  the  highest  frequencies  considered  means  that  the 
mutual  impedance  between  the  antenna  terminals  end  the  end  of  the  short 
element  can  be  represented  as  simply  a mutual  capacitance.  Thus, 


The  functional  behavior  of  \po  is  given  by  the  ratio  . When  this  ratio 

“1  lA 

is  evaluated,  it  is  apparent  that,  the  pole  at  p - 0 is  removed  and  'pp  ran 
be  expressed  as 
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'Pe  = A 


^ 1 + / f!!!!L\ 

^ K^  ['poles^j 


where  several  constants  have  been  absorbed  into  A^„  The  constant  de- 
pends upon  the  local  geometry  of  the  disch'^'-ge  point  as  well  as  the  over- 
all antenna  geometry.  It  can  be  evaluated  by  static  measurements  provided 

K / zeros  \ 

we  know  the  values  of  — - I — ; } . It  is  apparent  that  this  quantity 

\Polss^/p=:0 

is  simply  the  ratio  of  the  limiting  values  of  the  low  ■ frequency  reactances 
of  the  two  elements  of  the  antenna.  We  assumed  earlier  that  these  react- 
ances were  in  the  ratio  1 to  10,  so  that 


Ka 


^8  \POles^ 


a /ps:  0 


Since  we  have  agreed  to  accept  the  rational  function  approximation  of 
as  a true  representation  of  that  impedance,  it  is  possible  to  evaluate 
each  of  the  constants  specifically.  From  the  rational  function  formula 
given  in  Fig.  26 


= 1933  , 


zeros^X 
poles,  j 


= 0.202 


a /p  = 0 


Therefore, 


--  10  0-202.  = 3905 


TTie  functional  behavior  of  the  coupling  from  the  short  element  of  the 

{pg 

asymmetric  dipole  can  be  obtained  by  plotting  the  function—^  as  obtained 
from  Eq.  (50).  This  function  is  shown  in  Fig.  33.  The  feature  most  worthy 
of  note  in  the  curve  of  Fig.  33  is  its  lelative  smoothness  compared  to  the 
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other  response  curves  we  have  obtained.  The  singularities  of  the  impedance 
function,  representing  electromagnetic  resonances  on  the  antenna,  introduce 
irregularities  in  both  real  and  imaginary  components  of  the  coupling  func 
tion  which  are  smaller  than  those  in  the  other  coupling  functions  studied. 
From  a transient  point  of  viev  this  means  that  the  short-circuit  current 
at  the  antenna  terminals  is  pulse  not  greatly  altered  in  form  from  the 
corona  discharge  pulse  itself.  The  noise  produced  at  any  frequency  for  any 
type  of  load  impedance  can  be  calculated  in  the  same  manner  as  for  the  sym  • 
^ metric  dipole.  From  the  coupling  function,  the  pulse  spectrum  and  the 

terminal  impedance,  a Tlievenin’s  or  Norton’s  equivalent  circuit  can  be  set 
up  and  the  computations  made  in  a straightforward  manner. 

G.  Coupling  from  Discharge  at  End  of  Long  Element 

For  a discharge  at  the  end  of  the  long  element  of  the  antenna,  which 
is  characterized  by  the  coupling  function  we  are  concerned  with  the 

Z,- 

ratio  . where  is  the  mutual  impedance  between  the  antenna  termi- 

^llA 

nals  and  the  end  of  the  long  element.  By  the  same  argument  which  was 
applied  to  the  symmetric  dipole  we  recognize  that  i®  given  by 


The  coupling  function  i/*  is  therefore  given  by 


12a  p (poles  ) 


i K. 

a I ' 


\ Zeros  / \ 
{poles 


' ■■  ( «roa  ) 


where  mi''cellaneous  constants  ha^e  been  absorbed  in  A^,  The  constant  A^ 
can  be  determined  by  static  measurements  in  the  same  manner  as  was  A«. 

The  functional  behavior  of  ip^  is  readily  computed  from  the  rational 
function  approximation  of  Z^.  It  is  shown  in  the  curve  of  Fig.  34.  In 
contrast  to  the  rather  uniform  curve  of  Fig.  33 i the  curve  of  Fig.  34 
shows  a marked  peak  corresponding  roughly  to  the  fr  quency  which  makes  the 
antenna  one  half  wavelength  long,  with  a lesser  peak  at  the  frequency  cor 
responding  to  a length  of  one  wavelength.  Both  of  these  peaks  would  be  a 
great  deal  more  prondunced  for  a mort  slender  antenna.  The  curve  of  Fig.  34  indicates 
that  the  coupling  from  a tiischarge  at  the  end  of  the  long  element  is  profoundly  influ  - 
enced bv  the  electromagnetic  reswiances  of  the  antenna  structure  and  may  be  quite  large. 
We  therefore  see  that'  the  concept! <m  previously  held,  that  the  discharges  which  occur 
at  large  distances  from  the  antenna  terminals  do  net  contribute  appreci  ■ 
ably  to  the  noise,  may  be  quite  mistaken. 

3 

An  observation  made  by  Hucke  in  1937  is  very  interesting  in  the  light 
of  the  results  just  obtained.  In  the  course  of  the  inve-itigation  reported 
by  Hucke  the  attractive  but  somewhat  nai"e  idea  occurred  to  the  invest!  • 
gators  of  forcing  the  discharge  to  occur  at  one  particular  frequency, 
thereby  confining  the  noise  produced  to  that  frequency  and  eliminating 
noise  at  other  frequencies.  A mechanism  was  accordingly  arranged  by  which 
a trailing  wire  could  be  let  out,  with  the  idea  of  tuning  the  entire  air- 
craft, and  thereby  forcing  the  discharge  to  occur  at  the  frequency  to  whxjh 
the  aircraft  was  tuned-  Two  radio  receivers,  one  tuned  to  5 Me  and  the 
other  to  a range  beacon  at  approximately  350  kc,  were  connected  in  the 
meantime  to  separate  antennas.  As  150  ft  of  trailing  wire  were  reeled  out. 
two  noise  maxima  and  two  minima  were  observed  on  the  receiver  tuned  to 
5 Me  while  no  change  was  evident  for  the  noise  in  the  beacon  receiver.  The 
success  with  which  the  present  theory  explains  these  observations  is  quite 
striking.  A large  share  of  tfte  noise  was  undoubtedly  being  produced  by 
discharges  from  the  end  of  the  trailing  wire.  As  the  wire  was  reeled  out, 
the  total  length  of  wire  plus  aircraft  fuselage  increased  to  more  than  one 
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radii  which  are  extremely  small,  the  supposition  that  the  discharge  takes 
place  in  a volume  which  is  of  the  dimensions  of  the  tip  radius  is  mani- 
festly impossible.  Much  of  the  discharge  current,  flow  occurs  at  distances 
which  are  considerably  larger  than  the  tip  radii.  The  coupled  noise  as 
measured  by  Eq.  (8)  is  therefore  reduced  from  the  value  obtained  assuming 
the  flow  to  take  place  in  the  near  vicinity  of  the  tip.  We  therefore  can 
expect  to  reduce  very  greatly  the  noise  generated  by  the  discharge  of 
given  value  of  d-c  current  if  we  force  the  discharge  to  occur  at  points  of 
very  small  radius. 

The  second  method  of  reducing  the  noise  at  the  receiver  is  to  reduce 
the  coupling  between  the  discharge  and  the  receiver.  We  therefore  look 
for  ways  in  which  such  a reduction  might  be  accomplished,  and  on  first  in- 
spection the  prospects  do  not  appear  to  be  good.  The  points  of  high  d>-c 
field  concentration  are  in  general  the  points  at  which  a high  field  is 
produced  by  a voltage  at  the  antenna  terminals,  so  that  discharges  tend  to 
occur  naturally  at  points  from  which  their  effects  are  coupled  strongly 
into  the  receiver.  Two  possible  solutions  suggest  themselves,  howe^'er. 
First,  we  might  exploit  the  fe-'c  that  the  field  which  induces  the  discharge 
is  a d-c  field  whereas  the  field  defined  by  the  coupling  function  'p  is  an 
r-f  field.  An  electrode  arrangement  might  be  conceived  in  which  the  dis- 
charge point  is  tied  to  the  aircraft  at  d-c,  but  very  well  decoupled  at 
r-f.  An  arrangement  fulfilling  these  requirements  is  illustrated  in  Fig. 36. 
For  maximum  effectiveness  the  discharge  electrode  must  be  sufficiently  far 
removed  from  the  aircraft  that  the  capacitance  between  the  aircraft  and  the 
electrode  is  very  small  compared  to  the  self  capacitance  of  the  electrode. 
The  resistance  of  the  connecting  cable  must  likewise  be  high  compared  to 
the  reactance  of  the  self  capacitance  of  the  discharge  electrode.  If  the.se 
conditions  are  fulfilled,  the  arrangement  shown  constitutes  a resistance - 
capacitance  filter  which  decouples  the  aircraft  from  the  discharge  point. 
Needless  to  say,  the  resistance  of  the  connecting  cable  must  be  distributed 
throughout  its  length  rather  than  concentrated  at  one  point  if  minimum 
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capacitance  between  the  discharge  electrode  and  the  aircraft  is  to  be 
obtained. 

The  second  possibility  for  reducing  the  coupling  between  the  dis 
charge  and  the  receiver  is  to  force  the  discharge  to  occur  at  a point  on 
the  aircraft  which  is  naturally  shielded  electrically.  The  coupling  from 
a discharge  occurring  in  a shielded  region  is  inherently  poor,  but  could 
be  reduced  still  further  by  the  use  of  very  fine  discharge  points  and  a 
high  resistance  connection.  An  arrangement  utilizing  this  principle  is 
shown  in  Fig.  37.  A discharge  is  forced  to  occur  from  a series  of  points 
similar  to  standard  discharge  wicks  by  applying  them  to  a high  negative 
V0iv,age.  The  wicks  are  situated  in  the  shielded  region  at  the  base  of  the 
wing.  The  airstream  at  this  point  is  moving  rapidly  and  would  carry  away 
the  ions  formed  in  the  discharge.  Investigation  would  be  needed,  however, 
to  determine  whether  such  a system  were  capable  of  discharging  sufficiently 
large  d -c  currents. 

B.  Evaluation  of  Common  Anti-Precipitation  Static  Devices 

It  is  interesting  to  examine  the  anti-precipitation  static  devices 
commonly  in  use  at  the  present  time  in  the  light  of  the  theory  just  de 
veloped.  When  this  is  done,  it  becomes  apparent  that  all  of  the  devices 
which  have  achieved  reasonably  successful  results  embody  one  or  more  of 
the  principles  outlined  in  the  discussion  of  an  ideal  discharger,  Considir, 
for  example  the  dielectric- coated  wire  antenna.  It  is  obvious  that  dis 
charges  from  the  antenna  itself  couple  very  strongly  into  the  receiver. 

By  protecting  the  antenna  and  antenna  fittings  with  a high  strength  die 
lectric  the  discharges  are  forced  to  occur  at  other  points  on  the  aircraft 
from  which  the  coupling  is  weaker. 

The  wick  discharger  operates  on  a combination  of  effects.  It  reduces 
the  noise  generated  by  the  discharge  by  providing  extremely  fine  discharge 
points,  and  it  also  provides  considerable  decoupling.  The  resistance  of 
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the  discharge  wicks  is  very  high,  so  high  in  fact  that  as  far  as  the  r f 
field  in  their  vicinity  is  concerned  their  effect  can  be  neglected.  Thus 
the  disch&rges  which  occur  at  the  tips  of  the  wicks  are  removed  from  the 
highly  concentrated  r-f  fields  which  occur  at  the  surfaces  of  sharp  points 
on  the  metallic  conductors.  From  the  coupling  principle  given  in  Chapter  il 
it  is  apparent  that  the  coupling  from  the  discharges  is  reduced  in  proper  ■ 
tion  to  the  reduction  of  the  r-f  fields  in  the  region  of  tl.e  discharge. 

By  the  same  reasoning  it  is  apparent  that  the  discharge  devices  pro 
31 

posed  by  Beach  have  little  to  commend  them.  These  disch*rgers  are  simply 
brushes  composed  of  bunches  of  fine  wires.  Since  the  discharge  points  are 
metallic,  it  is  at  once  evident  that  no  red_ction  of  noise  due  to  decoupling 
is  experienced.  The  only  benefit  comes  from  a reduction  of  the  generated 
noise  due  to  a reduction  in  the  size  of  the  discharge  points.  Even  in  this 
respects  however,  they  would  appear  to  be  inferior  to  the  wick  discharger. 

Another  type  of  discharger  which  achieved  some  succes . is  the  trailing 
wire  discharger  growing  out  of  the  investigation  reported  by  Hucke.  This 
discharger  achieved  decoupling  from  the  aircraft  'n  a manner  similar  to 
that  outlined  in  the  discussion  of  an  ideal  discharger.  A fine  wire  served 
as  the  discharge  point.  It  was  isolated  from  a su;;porting  wire  by  means 
of  a resistance.  Although  the  decoupling  achieved  was  less  than  could  be 
obtained  by  the  use  of  a distributed  isolating  resistor  and  a discharge 
electrode  having  greater  self  capacitance  than  the  slender  wire  used  it 
resulted  in  considerable  reduction  of  noise- 

C.  Suggestions  for  Additional  Research 

It  is  hoped  that  the  investigation  reported  here  will  lead  to  a bettei 
understanding  of  the  basic  phenomena  contributing  to  the  production  of 
radio  noise  by  corona  discharges,  and  that  it  will  help  to  provide  more 
successful  solutions  to  the  problem  of  precipitation  static  in  aircraft- 
The  investigations  are  not  complete.  The  problem  of  the  transient  response 
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APPENDIX  A 

Two  configurations  of  discnarge  point  geometry  were  used  in  obtaining 
the  oscillographic  data  of  Chapter  III.  In  phase  1 of  the  study,  the  dis 
charge  point  was  a hemispherirally  capped  cylindrical  excensi^n  of  the 
center  conductor  of  a coaxial  cable.  It  is  illustrated  schematically  in 
Fig.  Ala.  As  shown  in  Chapter  II  it  is  necessary,  in  order  to  compute  the 
dipole  moments  of  the  discharges,  to  know  the  fields  in  the  vicinity  of 
the  discharge  when  a voltage  is  applied  at  the  base  of  the  discharge  point. 

The  actual  discharge  point  does  not  conform  to  any  simple  coordinate 
system,,  and  therefore  is  not  amenable  to  an  exact  analysis.  Electrolytic 
tank  investigations  provide  some  data  on  the  fields,  but  results  obtained 
ill  this  way  are  not  highly  accurate  a.id  are  also  not  amenable  to  analytical 
manipulations.  Such  investigations  indicate,  however-  tha.t  the  geometrical 
quantity  of  importance  in  the  point  configuration  is  the  ratio  of  tip 
radius  to  point  height,  and  that  a . ’etheinatical  model  sucii  as  a prolate 
spheroid  which  has  tha  same  ratio  of  these  dimensions  as  the  actual  dis 
charge  point  will  have  very  nearly  the  same  fields  in  the  vicinity  of  the 
tip. 

The  spheroidal  model  is  shown  in  Fig.  Alb.  The  field  expressions  for 

such  a geometry  are  readily  obtained  in  terms  of  spheroidal  harmonics.  We 

recognize  by  use  of  the  image  theorem  that  the  potential  expression  for 

the  configuration  shown  is  the  same  as  for  a spheroid  bisected  on  the 

( 1 ) 

equatorifcJ  plane  with  the  top  section  held  at  potential  Vj  and  the  bottom 

section  at  .Since  such  an  electrode  configuration  has  axial  symmetry, 

21 

we  know  that  the  external  potential  is  given  by 

= X [M,  P„(^)  t QJi,)  (Ai) 

where  the  prolate  spheroidal  coordinates  are  illustrated  in  Fig-  A?.  The 
boundary  conditio-is  are  such  that  as  ^ ^ which  requires  that 
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Mji  - 0.  The  coefficients  are  found  from  the  boundary  condition  on  the 
metallic  surface.  This  condition  can  be  stated  as  follows, 

V < 0 

. (A2) 

+ 0 < 7?  < + 1 

Njj  is  evaliiated  by  multiplying  both  sides  of  Eq.  (A2)  by  and 

integrating  ever  rf.  Because  o^  the  orthoganality  of  the  Legendre  poly 
nomials  the  terms  for  which  n / m vanish  and  we  are  left  finally  with  the 
expression  for 


- 2N  Q(#,)P(7j) 


.( 1 ) 


(A3) 


The  symmetry  about  the  equatorial  plane  requires  that  = 0 for  even 
values  of  n. 

The  electric  field  can  be  j, -rived  from  the  potential  expression  of 
Eq.  (A2)  by  taking  the  gradient.  The  field  actually  has  both  a ^ component 
and  an  77-component,  but  for  values  of  77  differing  only  slightly  from  77  - 1 
(Fig.  19),  the  77-component  of  field  is  negligibly  omali  compared  with  the 
^-component.  In  other  words,  near  the  tip  the  field  is  normal  to  the 
spheroidal  surfaces  defined  by  ^ = constant.  Expressed  analytically, 
is  given  by 


2i  1 

^ /(i^  - 77^(^^  - 1) 


S N (n  + 1)  P {77) 

0 Q ' 

D 

D od  <? 


[0^(77}  - Q„,ifT7)] 


, (A4) 


where  are  the  coefficients  given  by  Eq.  (A3),  and  C is  the  height  of 
the  spheroid.  It  can  be  shown  that  the  series  of  Eq,  (A4)  diverges.  The 
divergence  is  caused  by  the  assumption  of  an  infinitesimal  gap  ’.vhich  does 
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The  symmetry  about  the  equatorial  plane  requires  that  = 0 for  even 
values  of  n. 

The  electric  field  can  be  j:iived  from  the  potential  expression  of 
Eq.  (A2)  by  taking  the  gradient.  The  field  actually  has  both  a ^component 
and  an  77-component,  but  for  values  of  77  differing  only  slightly  from  77  ^ 1 
(Fig.  19),  the  77-component  of  field  is  negligibly  small  compared  with  the 
^-component.  In  other  words,  near  the  tip  the  field  is  normal  to  the 
spheroidal  surfaces  defined  by  ^ = constant.  Expressed  analytically, 
is  given  by 
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where  are  the  coefficients  given  by  Eq.  (A3),  and  C is  the  height  of 
the  spheroid.  It  can  be  shown  that  the  series  of  Eq.  (A4)  diverges.  The 
divergence  is  caused  by  the  assumption  of  an  infinitesimal  gap  which  does 
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not  correspond  to  physical  reality.  The  series  could  be  made  to  converge 
by  assuming  a different  type  of  gap  but  even  if  this  were  done,  conver 
gence  would  be  so  slow  that  the  resulting  field  e.xpression  would  be  very 
cumbersome  to  work  with  analytically. 

An  alternative  analytical  model  is  shown  in  Fig.  Ale.  Here  we  have 
defined  the  surface  by  the  equation 

Pj(tj)  = Constant  , (.A5) 

c 

and  chosen  the  value  of  the  constant  to  make  the  ratio — equal  to  that  of 

r 

the  actual  point.  This  model  circumvents  the  problem  of  the  infinitesimal 
gap  since  it  reduces  to  a point  of  infinitesimal  diameter  as  it  approaches 
the  ground  plane.  The  fields  about  an  electrode  of  the  shape  thus  defined 
differ  considerably  from  those  of  the  spheroid  or  the  cylindrical  discharge 
point  in  the  region  near  the  base.  In  the  vicinity  of  the  tip,  however, 
the  fields  are  very  similar  to  those  of  the  actual  discharge  point.  Inas 
much  as  the  fields  of  the  model  are  described  by  a single  harmonic,  they 
are  simple  to  work  with  mathematically.  For  this  reason  we  choose  the 
model  of  Fig.  Ale  to  represent  the  actual  discharge  point. 

It  is  easily  verified  that  for  i,he  electrode  configuration  of  Fig.  Ale 
the  external  potential  is  given  by 


V 


e 


(A6) 


where  is  the  value  of  ^ on  the  tip  of  the  elects  jde  (r)  ■■  1)  and  is  de 

fined  in  cerms  of  the  — ratio  of  the  electrode  by  the  relation 


(A?) 


We  again  take  the  gradient  of  the  potential  expression  to  find  the 
field,  and  as  with  the  spheroidal  model  we  find  that  the  tj. component  of 
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field  is  negligibly  small  for  values  of  7}  differing  only  slightly  from 
unity.  The  * -component  of  the  field  is  found  to  be 


Vl  So 


0;!^) 


l-w) 


It  is  shown  in  Smythe  that  8j{^)  is  given  by 


Q^(^)  = ^ ccth'  ^ ' 1 . 


From  Eq.  (A9)  it  is  easily  found  that 


Q;(^)  = coth^^  ^ - 


^ - 1 


(AlO) 


In  the  present  investigation  we  are  interested  in  the  value  of  the 
field  at  the  surface  of  tip,  where  ^ = ^0  7]  = 1.  When  these  values, 

together  with  the  expressions  of  Eqs.  (A9)  and  (AlO)  are  substituted  into 
Eq.  (A8)  we  obtain 


-1  ^0 

coth  #0  - -5 

r ^0  “ ^ 

c -1  1 

coth  ^0  - y 
s 0 


We  nave  expressed  the  field  relation  in  the  dimensionless  form  shown  in 

order  to  make  it  more  generally  applicable.  From  Eqs.  (All)  and  (A7)  it 

rE  _ c 

is  possible  to  obtain  the  value  of as  a function  of  the  ratio  — . 

(1)  r 

1 

This  quantity  has  been  computed  and  is  shown  in  the  graph  of  Fig.  A3. 

In  phase  2 of  the  oscillographic  study  the  discharge  electrode  is  a 
hemispherically  capped  cylinder  situated  in  the  uniform  field  between  two 
discs.  Such  a configuration  is  closely  approximated  by  a prolate 
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We  nave  expressed  the  field  relation  in  the  dimensionless  form  shown  in 

order  to  make  it  more  generally  applicable.  From  Eqs.  (All)  and  (A7)  it 
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This  quantity  has  been  computed  and  is  shown  in  the  graph  of  Fig.  A3. 

In  phase  2 of  the  oscillographic  study  the  discharge  electrode  is  a 
hemispherically  capped  cylinder  situated  in  the  uniform  field  between  two 
discs.  Such  a configuration  is  closely  approximated  by  a prolate 
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spheroidal  projection  fror;  a conducting  plane  which  forms  one  bou-’dory  of 
a uniform  field.  Smythe  shows  that  the  potential  in  the  latter  case  is 
given  by 


_U ) 


coth  ^ ^ 


-l\ 


coth 


■■  1 


A - — 
So  c 

^ 0 


/ 


(A}2) 


where  Eg  is  the  uniform  field  which  exists  at  large  distances  from  the 

C 

spheroidal  projection,  whose  surface  is  defined  by  ^ = ^g.  The  ratio 
of  the  projecting  spheroid  is  related  to  ^g  by  Eq.  (A7). 

The  field  is  found  by  taking  the  gradient  of  and  again  we  find  that 
near  the  axis  near  1)  only  the  ^-component  of  the  field  is  important.  On 
the  axis  the  field  is  given  by 


E 


coth  ^ i - 


coth  ^ ig 


(A13) 


Tne  concentration  of  field  at  the  tip  of  the  discharge  point  is  equal  to 

E 1 ^ ) 

■ -* ; ^ \ . The  numerical  value  of  this  factor  is  easily  found  from  Eq.{A13) 

E„ 


and  is  the  curve  plotted  in  Fig.  18  in  Chapter  III. 

It  is  interesting  to  determine  the  decay  of  the  field  as  we  move  away 
from  the  tip  of  the  discharge  point.  In  this  way  we  can  find  whether  the 
proximity  of  the  upper  disc  appreciably  interferes  with  our  assumption  of 


unbounded  uniform  field  above  the  lower  disc.  From  Eq.  (A13)  we  find  that 


for  a point  with  a — ratio  of  40,  wl ich  corresponds  roughly  to  the  maximum 

r 


point  height  for  which  oscillograms  were  taken,  the  field  has  dropped  to  a 
value  exceeding  Eg  " by  only  7%  at  a distance  from  the  tip  which  is  equal 
to  C.  The  actual  modification  of  the  field  at  the  tip  due  to  the  upper 
disc  would  be  much  less  than  this.  Since  the  minimum  spacing  betv/een  the 
discs  was  more  than  2%  times  greater  than  the  height  of  the  point,  we  can 
safely  conclude  that  the  field  at  the  tip  is  correctly  given  by  Eq.  (A13) 
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In  the  analysis  of  Appendix  A we  derive  an  expression  giving  the 

C 

field  at  the  tip  of  the  discharge  point  as  a function  of  the  — ratio  of 

r 

the  point  and  the  uniform  field  which  exists  near  the  axis  of  the  elec- 
trode configuration  shown  in  Fig.  14.  To  determine  the  tip  field  as  a 
function  of  the  tenina]  voltage  Vj  ^ however,  wc  must  find  an  expression 
for  the  field  Vj  as  a function  of  that  voltage.  To  a first  approximation 
the  field  F.  is  given  by 


(A13) 
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where  S is  the  spacing  between  the  discs.  It  is  obvious,  however,  that 
this  expression  breaks  down  for  large  values  of  8,  since  it  predicts  zero 
field  for  very  large  S,  while  we  know  from  physical  reasoning  that  a finite 
field  will  exist  for  this  condition.  Since  the  diameter  of  electrode  B in 
Fig.  14  is  considerably  larger  than  that  of  electrode  A,  and  also  much 
larger  than  the  maximum  value  of  S,  whi’a  the  spacing  between  A and  the 
ground  plane  is  small  compared  to  the  radius  of  A (which  we  shall  desig- 
nate in  the  following  analysis  by  b)  the  actual  electrode  geometry  is 
closely  approximated  by  the  idealized  geometry  shown  in  Fig.  Bl- 
it is  known  from  potential  theory  that  one  set  of  harmonic  potential 
functions  from  which  solution  to  the  Laplace  aquation  in  cylindrical  co- 
ordinates with  axial  symmetry  can  be  constructed,  have  the  form  shown  in 
Eq.  (Bl), 


fi 

The  potential  on  the  axis  is  finite,  which  requires  that 
constants  can  be  absorbed  in  A^  and  B^. 


0 ; •'he 
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Because  the  region  of  interest  extends  to  infinity  in  tl\e  radial 

direction,  the  sum  indicated  in  Eq.  (Bl)  becomes  an  integral  or  Hankel 
32 

transform.  The  potential  expression  therefore  becomes 

Vlpz)  " I [A(/ti)  e ^‘  + BJ/i)  e^*]  ip  . (1 


The  boundary  conditions  shown  in  Fig.  Bl  require  that 


V (p,  0) 


0 V<  p < a 


< n < oa 


a < p 


V (p;  S)  - 0 . 


Applying  the  Hankel  inversion  theorem  to  Eq.  (B3)  and  evaluating  the 
integral  which  arises,  we  find  that 


p [kip)  + B(p)]  = b Jj(pb)  . 


From  Eq.  (B4)  we  easily  determine  that 


kip)  e ^ + B(p)  = 0 , 


B(p)  = - Alp)  e 


Substitution  of  Eq.  (B6)  into  Eq.  (B5)  shows  that 


v"'b 
1 - e 

and  the  coc T '■> "i ent  BIp)  is  found  by  substituting  Eq.  (B7)  into  Eq.  (B6). 
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When  the  coefficients  A(/i)  and  B(/i)  thus  determined  are  substituted 
into  Eq.  (B2),  the  expression  for  the  potential  becomes 


V(p,  Z) 


’'l  ^ r -tit  m(«-20 

Le  - e 

-ifi* 

0 1 ~ e 


] Jj{/xb)  Jgifjp)  dfj.  . (B8) 


Since  we  are  concerned  only  with  the  field  m the  axis,  the  expression  of 
Eq.  ^B8)  simplifies  to 


f~a  ~fj,t  /i  ( t - 2 » ) 

v.o.=,  . vl"  h [ 


— Jj(ptb)  dfu.  . 


The  axial  electric  field  is  given  by 


We  are  here  interested  in  the  field  in  the  vicinity  of  the  discharge  point 
which  is  evidently  given  by 


Bz  lp=o 

|=  = o 


(BIO) 


When  the  derivative  indicated  in  Eq.  (BIO)  is  taken,  we  find  that 


r”  1 X 


(BID 


where  we  have  set  v = ^tb  and  C = ~ . 

b 

The  integral  of  Eq.  (Bll)  cannot  be  evaluated  in  closed  form.  If  the 
denominator  of  the  integrand  is  expanded  xn  a series,  however,  the  result 
is  the  integral  of  Eq.  (B12); 
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Ltuted 


r v-"-" 

VI 

/n 


^ -4vt  ^ ‘'6vC 

+ 2e  + 2e 


.... } dv  . (B12) 


(BID 


This  integral  can  be  evaluated  term  by  term  to  form  the  rapidly  con- 
verging series  of  Eq-  (B13); 


tsion  of 


e point 


(BIC) 


1 \.  2 2.2. 

— — -t  j j + j -t.... 

/ [1  ^ (2P*]2  [1  + [1  ^ (6C)^]2 


(B13) 


from  which  numerical  values  of  — pj-r*  can  be  computed. 

Vi 

It  is  apparent  that  the  idealized  geometry  of  Fig.  B1  aoes  not  cor- 
respond exactly  to  the  true  physical  geometry.  The  difference  lies 
chiefly  in  the  fact  that  there  is  a finite  separation  between  the  disc  of 
electrode  A and  the  surrounding  grounded  surface.  We  expect  on  physical 
grounds  that  this  difference  might  be  accounted  for  by  giving  b an  effec 
tive  value  which  is  larger  than  the  actual  radius  of  electrode  A.  We  can 
find  what  nuineiical  value  to  give  b by  determining  what  value  of  b causes 
.u) 

the  field  to  reduce  to  — ^ — for  small  S,  as  we  know  it  must.  The 


numerical  value  of  b which  fulfills  this  requirement  is  b - 4 cm,  whereas 
the  actual  radius  of  disc  A was  3.8  cm. 

Values  of  — ~y  have  been  computed  from  Eq.  (B13)  and  are  plotted  in 

v! 

Fig.  15.  * 
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